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Abstract
This thesis explores the gas-phase reactions of ortho-substituted phenyl radicals
with neutral species including O2 , allene, and propyne using mass spectrometry. It
is revealed that after formation of the reaction adduct, the presence of an orthosubstituent provides an unique intermediate to a↵ect the final product distribution
in a manner distinct from meta- and para-substituted phenyl radical reactions.
Experimental and theoretical investigations into the oxidation of o-methylphenyl
radicals are detailed, including oxidation of trimethylammonium-substituted o-methylphenyl radical cations using linear quadrupole ion trap mass spectrometry. These
results are compared to the oxidation of neutral ortho- and meta-methylphenyl radicals studied using synchrotron-based photoionisation mass spectrometry. G3SX(MP3)
and M06-2X methodologies are deployed to examine key decomposition pathways of
the 5-(N,N,N -trimethylammonium)-2-methylphenylperoxyl radical and rationalise
the observed product ions with the G3X-K composite method is used for oxidation
of neutral ortho- and meta-methylphenyl radicals. Experimental and theoretical
evidence supports a mechanism for formation of o-quinone methide from o-methylphenyl + O2 via O2 addition, H-atom migration to form the QOOH intermediate
(hydroperoxy-substituted carbon-centred radical), and subsequent OH elimination.
Synchrotron-based photoionisation mass spectrometry is also used to reveal
that the o-hydroxyphenyl + O2 reaction produces two major products detected at
m/z 80 and 108, consistent with cyclopentadienone and o-benzoquinone. The G3XK method is used to rationalise the o-benzoquinone as a primary product following
O2 addition, H-atom migration, and subsequent OH loss (reminiscent of the Waddington mechanism for -hydroxyperoxyl radicals). It is concluded that cyclopentadienone forms from prompt decomposition of o-benzoquinone. Distonic ammonium-tagged o-hydroxyphenyl + O2 reactions were studied and found to produce
ions consistent with charged-tagged o-benzoquinone. CID of the charged-tagged obenzoquinone cation lead to the formation of a cyclopentadienone analogue by CO
loss.
Reaction efficiencies for oxidation of ammonium- and trimethylammonium-substituted o-methylphenyl and o-hydroxyphenyl radicals are reported at around 5%,
not significantly a↵ected by the identify of the ortho-substituent.
iii

iv
The thesis extends beyond the oxidation of ortho-substituted phenyl radicals
to explore reactions of o-methylphenyl radical reactions with C3 H4 isomers: allene (CH2 CCH2 ) and propyne (CHCCH3 ). Synchrotron-based photoionisation mass
spectrometry reveals two product mass channels for both allene and propyne reactions with o-methylphenyl radicals, consistent with CH3 and H-atom loss. The CH3
loss co-product is conclusively assigned indene (C9 H8 ). But, H-atom loss produced
two di↵erent products for allene and propyne reactions: a mixture of 1,2- and 1,4dihydronaphthalene from allene reactions and exclusively 1,2-dihydronaphthalene
from propyne reactions.
The reactions described in this thesis could serve as unique sources of both
OH radicals and CO from oxidation reactions and fused-ring structures from C3 H4
reactions in reactive environments (e.g. lignin combustion and carbon-rich atmospheres). The underlying premise is: the addition of a neutral closed shell species to
an ortho-substituted radical forms a reaction intermediate with an ortho-substituent
that will undergo intramolecular 1,5-H atom migration and subsequent elimination
reactions to produce new products. Such pathways are deemed unlikely for the
corresponding meta- and para-cases.

Acknowledgments
To my Mum and Dad,
I never felt I was favoured over my siblings and never felt I had to meet some
bizarre set of unrealistic expectations. For that, I am grateful.
To the friends that I have kept, rediscovered, and made over years,
I hope that our friendship has brought and continues to bring you as much joy
as it has to me.
To Dr. Gabriel da Silva, and Prof. Stephen J. Blanksby, and Assoc. Prof. Adam J.
Trevitt (supervisor),
I thank you for your e↵orts to instruct me in Computational Chemistry, Mass
Spectrometry, Physical Chemistry, and the improved use of the English language. I
hope the products of our research lead to interesting discoveries in the coming years.
Dr. John D. Savee, Dr. Craig A. Taatjes, and Dr. David L. Osborn,
Through this collaboration we have studied many systems and I hope the continued collaboration will foster great research in the years to come.
Current and past members of the Laser Chemistry Group:
Thank you Dr. Benjamin B. Kirk, Dr. Christopher S. Hanson, Dr. Bartholomew
S. Vaughn, Dr. Phillip J. Tracy, Mr. James P. Bezzina, Mr. Cameron B. Bright.
And, also, thank you Steve Cooper, Thomas Griffith, and Dr. Alan T. Maccarone.
I would also like to acknowledge the people we have lost during my PhD studies:
Nan, you were an example of what it meant to be smart and tough. I will
remember the things you did for us.
Dr. Phillip J. Tracy, I will never entirely understand what happened but I know
you worked hard.

v

Publications
Chapter 3 resulted in the following publication:
• Matthew B. Prendergast, Phillip. A. Cooper, Benjamin B. Kirk, Gabriel da
Silva, Stephen J. Blanksby and Adam J. Trevitt, “Hydroxyl Radical Formation
in the Gas Phase Oxidation of Distonic 2-Methylphenyl Radical Cations”,
Physical Chemistry Chemical Physics, 2013, 15, 20577-20584.
URL: http://dx.doi.org/10.1039/C3CP53690D
Chapter 5 resulted in the following publication:
• Matthew B. Prendergast, Benjamin B. Kirk, John D. Savee, David L. Osborn,
Craig A. Taatjes, Kye-Simeon Masters, Stephan J. Blanksby, Gabriel da Silva
and Adam J. Trevitt, “Formation and Stability of Gas-Phase o-Benzoquinone
from Oxidation of ortho-Hydroxyphenyl: a Combined Neutral and Distonic
Radical Study”, Physical Chemistry Chemical Physics, 2016, 18, 4320-4332.
URL: http://dx.doi.org/10.1039/C5CP02953H
The candidate also co-authored the following papers:
• Adam J. Trevitt, Matthew B. Prendergast, Fabien Goulay, John D. Savee,
David L. Osborn, Craig A. Taatjes and Stephen R. Leone, “Product Branching
Fractions of the CH+ Propene Reaction from Synchrotron Photoionization
Mass Spectrometry”, The Journal of Physical Chemistry A, 2013, 117, 64506457.
URL: http://dx.doi.org/10.1021/jp404965k
• Huong T. Pham, Matthew B. Prendergast, Christopher W. Dunstan, Adam
J. Trevitt, Todd W. Mitchell, Ryan R. Julian and Stephen J. Blanksby, “Dissociation of Proton-Bound Complexes Reveals Geometry and Arrangement of
Double Bonds in Unsaturated Lipids”, International Journal of Mass Spectrometry, 2015, 390, 170-177.
URL: http://dx.doi.org/10.1016/j.ijms.2015.07.006
• Cameron C. Bright, Matthew B. Prendergast, Patrick D. Kelly, James P.
Bezzina, Stephen J. Blanksby, Gabriel da Silva and Adam J. Trevitt, “Highly
vi

vii
Efficient Gas-Phase Reactivity of Protonated Pyridine Radicals with Propene”,
Physical Chemistry Chemical Physics, 2017, 19, 31072-31084.
URL: http://dx.doi.org/10.1039/C7CP06644A
• James P. Bezzina, Matthew B. Prendergast, Stephen J. Blanksby and Adam J.
Trevitt, “Gas-Phase Oxidation of the Protonated Uracil-5-yl Radical Cation”,
The Journal of Physical Chemistry A, 2018, 122, 890-896
URL: http://dx.doi.org/10.1021/acs.jpca.7b09411

Contents
Abstract

iii

Acknowledgments

v

Publications

vi

List of Abbreviations

xi

List of Figures

xii

List of Tables

xxii

List of Schemes

xxiv

1 Introduction

1

2 Instrumentation and Methodology
2.1 Synchrotron-Based Photoionisation
Mass Spectrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.1.1 Chemical Dynamics Beamline (Beamline 9.0.2) . . . . . . . .
2.1.2 Multiplexed Time-Resolved Photoionisation Mass Spectrometry
(MPIMS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Ion Trap Mass Spectrometry . . . . . . . . . . . . . . . . . . . . . . .
2.2.1 Overview of Kinetic Data Analysis . . . . . . . . . . . . . . .
2.3 Computational Chemistry . . . . . . . . . . . . . . . . . . . . . . . .

14

3 Distonic o-Methylphenyl Radical + O2
3.1 Abstract . . . . . . . . . . . . . . . . . .
3.2 Introduction . . . . . . . . . . . . . . . .
3.3 Experimental . . . . . . . . . . . . . . .
3.3.1 Materials . . . . . . . . . . . . .
3.3.2 Mass Spectrometry . . . . . . . .
3.3.3 Quantum Chemical Calculations .

30
31
31
33
33
33
35

viii

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

14
15
18
21
22
25

CONTENTS
3.4

3.5
3.6
3.7

3.8

ix

Results and Discussion . . . . . . . . . . . . . . . . . . . . .
3.4.1 Synthesis of Distonic 2-Methylphenyl Radical Cations
3.4.2 Charge-Tagged 2-Methylphenyl + O2 . . . . . . . . .
Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . .
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . .
Supporting Information . . . . . . . . . . . . . . . . . . . . .
3.7.1 Methylation of Halogen-Substituted Methylaniline . .
3.7.2 Structural Characterisation . . . . . . . . . . . . . .
3.7.3 Supplementary Mass Spectra . . . . . . . . . . . . .
Corrections . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

4 Neutral o-Methylphenyl Radical + O2
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.1 Multiplexed Photoionisation Mass Spectrometry . . . . . . .
4.2.2 Quantum Chemical Calculations . . . . . . . . . . . . . . .
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.1 Photolysis Products of o-Iodotoluene and m-Iodotoluene . .
4.3.2 Oxidation of o-Methylphenyl and m-Methylphenyl Radicals
4.3.3 Computational Investigation of Methylphenyl + O2 . . . . .
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5 Supporting Information . . . . . . . . . . . . . . . . . . . . . . . . .
4.5.1 Collisions with the Reactor Wall . . . . . . . . . . . . . . . .
4.5.2 Background Measurements (without Added O2 ) . . . . . . .
4.5.3 Oxidation of o- and m-Methylphenyl Radicals . . . . . . . .
5 Distonic and Neutral o-Hydroxylphenyl Radical + O2
5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . .
5.3 Experimental . . . . . . . . . . . . . . . . . . . . . . . .
5.3.1 Synchrotron Photoionisation Mass Spectrometry .
5.3.2 Ion-Trap Mass Spectrometry . . . . . . . . . . . .
5.3.3 Quantum Chemical Calculations . . . . . . . . . .
5.3.4 Materials . . . . . . . . . . . . . . . . . . . . . .
5.4 Results and Discussion . . . . . . . . . . . . . . . . . . .
5.4.1 Synchrotron Photoionisation Mass Spectrometry:
o-Hydroxyphenyl + O2 . . . . . . . . . . . . . . .
5.4.2 Ion-Trap Mass Spectrometry:
Distonic o-Hydroxyphenyl + O2 . . . . . . . . . .
5.4.3 Reaction Mechanism . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

35
35
37
44
44
45
45
45
46
49

.
.
.
.
.
.
.
.
.
.
.
.
.

55
55
56
56
58
58
58
58
64
73
74
74
74
76

.
.
.
.
.
.
.
.

89
90
90
91
91
92
94
95
95

. . . . . . . 95
. . . . . . . 101
. . . . . . . 105

CONTENTS
5.5
5.6
5.7

5.8

x

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Supporting Information . . . . . . . . . . . . . . . . . . . . . . . . . .
5.7.1 Synthesis of 4-Hydroxy-3-iodo-N,N,N -trimethylbenzenaminium
Iodide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.7.2 Supporting Information for Synchrotron Photoionisation Mass
Spectrometry: o-Hydroxyphenyl + O2 . . . . . . . . . . . . .
5.7.3 Supporting Information for Ion-Trap Mass Spectrometry: Distonic o-Hydroxyphenyl + O2 . . . . . . . . . . . . . . . . . . .
5.7.4 Supporting Information for Computational Chemistry and Reaction Mechanism . . . . . . . . . . . . . . . . . . . . . . . . .
Corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6 Neutral o-Methylphenyl Radical + C3 H4
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2.1 Multiplexed Photoionisation Mass Spectrometry . . . . .
6.2.2 Computational Chemistry . . . . . . . . . . . . . . . . .
6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . .
6.3.1 o-Methylphenyl + C3 H4 . . . . . . . . . . . . . . . . . .
6.3.2 Reaction Mechanisms . . . . . . . . . . . . . . . . . . . .
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.5 Supporting Information . . . . . . . . . . . . . . . . . . . . . . .
6.5.1 Supplementary Photoionisation Spectra and AIE Values
6.5.2 Supplementary Product Mass Spectra . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

112
113
114
114
115
120
123
133

143
. 143
. 144
. 144
. 145
. 145
. 145
. 149
. 157
. 157
. 157
. 163

7 Conclusions and Future Directions
169
7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
7.2 Future Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
A Appendix for Chapter 3: Original Publication

174

B Appendix for Chapter 5: Original Publication

199

List of Abbreviations
AC
AIE
ALS
CID
DC
DFT
IRC
IE
LBNL
MPIMS
Nd-YAG
PAH
PD
PE
PEPICO
PI
PI-MS
RMG
RRKM
TE
TOF
VIE
VRI
VUV

Alternating current
Adiabatic ionisation energy
Advanced Light Source
Collision induced dissociation
Direct current
Density Functional Theory
Intrinsic reaction coordinate
Ionisation energy
Lawrence Berkeley National Laboratory
(commonly known as Berkeley Lab)
Multiplexed photoionisation mass spectrometry
Neodymium-doped yttrium aluminium garnet
Polycyclic aromatic hydrocarbons
Photodissociation
Photoelectron
Photoelectron photoion coincidence spectroscopy
Photoionisation
Photoionisation mass spectrometry
Reaction Mechanism Generator
Rice-Ramsperger-Kassel-Marcus theory
Threshold electron detection
Time of flight
Vertical ionisation energy
Valley-ridge inflection
Vacuum ultraviolet

xi

List of Figures
1.1

2.1

2.2

2.3

Reaction mechanism for low-temperature alkyl radical oxidation and
autoignition, preceded by H-atom extraction. . . . . . . . . . . . . . .

2

Schematic representation of an undulator used to generate VUV radiation. Electrons within the synchrotron are directed along the z-axis
of an alternating, periodic magnetic structure: an undulator. The
alternating magnetic field accelerates the electrons normal to the direction of their velocity, causing the electrons to oscillate horizontally
(x-axis). Arrows on the magnets indicate the peak magnetic field
direction. In reference to Equations 2.2 and 2.3: the y-axis distance
between the two array of magnets (dy ) is adjusted to control the peak
magnetic field strength (B0 ) experienced by electrons and therefore,
control the fundamental wavelength of radiated light ( 1 ). Interference of radiation from many electrons result in a coherent light source
when K  1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Schematic diagram of the Chemical Dynamics Beamline 9.0.2 at the
ALS, LBNL. VUV undulator radiation (5–30 eV) is directed by a
spherical mirror (M1) and toroidal mirror (M2) though a windowless
harmonic gas filter, transmitted through a 3 m path length monochromator (1014 s 1 flux, 0.1% bandwidth), and then reflected toward Terminal 3 (T3). The monochromatised output at T3: photon
energies between 7.4–15.8 eV with 1012 –1014 s 1 flux and a resolution between 10–50 meV. T1, T2, T4, and T5 are other terminals on
beamline 9.0.2. Beamline 9.0.1 shares an undulator with 9.0.2. . . . . 17
Schematic illustration of the MPIMS instrument interfaced with Terminal 3 on the Chemical Dynamics Beamline at the ALS. The MPIMS
instrument comprises a slow-flow quartz reactor tube, a vacuum chamber where interaction VUV synchrotron radiation generates ions, and
orthogonal acceleration time-of-flight (TOF) mass spectrometer. . . . 19

xii

LIST OF FIGURES
2.4

2.5

3.1

3.2

3.3

3.4

3.5

xiii

Schematic illustration of the modified Thermo Fisher Scientific LTQ
linear quadrupole ion trap mass spectrometer coupled with a Minilite
Nd:YAG pulsed laser operating in the 4th harmonic ( = 266 nm).
The pressure within the linear ion trap region is approximately 2 mTorr at 318 ± 23 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Seven hypothetical exponential decay curves are presented in two
fashions: (a) the total normalised integrated signal intensity for a
given m/z (Stotal from Equation 2.27), and (b) the natural logarithm
of Stotal are plotted against reaction time. The seven exponential
decay curves were generated with k 0 = 8 s 1 , varying constant o↵sets
(0  C  1), and St=0 = 1 C so that Stotal = 1 at t = 0 s. . . . . . 25
PD (left panel) and CID (right panel) mass spectra of 4Br3Me (a
and b), 3Br4Me (c and d), 3I4Me (e and f) and 4IMe (g and
h) isolated for a period of 2 s in the presence of background O2 .
Trace ions at m/z 164 and 181 observed in (g) are likely the result of
contamination by isomeric distonic radical cations. . . . . . . . . . .
Semi-logarithmic plot for depletion of m/z 149 ions generated by PD
of 4Br3Me (closed circles), 3Br4Me (diamonds), 3I4Me (squares)
and 4IMe (open circles) precursors ions, in reactions with O2 ([O2 ]
= 8.53 ⇥ 109 molecule cm 3 ). Second-order rate coefficients provided
in Table 3.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Potential energy diagram depicting key intermediates for N,N,N -trimethylammonium charged-tagged 2-methylphenyl radical cation +
O2 . Energies were calculated at the M06-2X/6-311++G(d,p) (black)
and G3SX(MP3) (blue) levels, reported in kcal mol 1 relative to the
initial intermediate. . . . . . . . . . . . . . . . . . . . . . . . . . . .
Gas-phase ions produced by ESI of 4Br3Me (a and b), 3Br4Me
(c and d), 3I4Me (e and f) and 4IMe (g and h) were isolated and
activated by PD (left panel) and CID (right panel) to generate the
m/z 149 ions via loss of the halogen . . . . . . . . . . . . . . . . . .
CID of m/z 164 ions generated via PD of 3-bromo-4,N,N,N -tetramethylbenzenaminium (3Br4Me) and subsequent isolation of the
resultant m/z 149 ions for 10 s in the presence of background O2 .
Peaks at m/z 149 (15 Da loss), 136 (28 Da loss), and 121 (43 Da
loss) are consistent with loss of CH3 , CO, and both CH3 and CO,
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. 37

. 40

. 42

. 47

. 48

LIST OF FIGURES
4.1

xiv

Product photoionisation mass spectra at 10.2 eV integrated 0–80 ms
after 248 nm photolysis of (a) o-iodotoluene and (b) m-iodotoluene
in the presence of O2 at ambient temperature. . . . . . . . . . . . . . 59
4.2 The PI spectrum for m/z 106 from o-methylphenyl + O2 at ambient
temperatures (empty red circles) integrated 0–80 ms after photolysis.
Vertical error bars represent 2 deviation for an average of three PI
spectra. An integrated He(I) photoelectron spectrum for o-quinone
methide is shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3 Average PI spectrum for m/z 80 from o-methylphenyl + O2 at ambient temperatures (empty red circles) integrated 0–80 ms after photolysis. Vertical error bars represent 2 deviation for an average of
three PI spectra. PI spectra for cyclopentadienone at 873 K (dotted purple line) and 1003 K (solid black line) are shown and are well
matched to the m/z 80 PI spectrum. . . . . . . . . . . . . . . . . . . 62
4.4 Potential energy schematic showing four pathways for decomposition
of o2. The barriers toward the methyloxepinoxyl radicals (o5 and
o6) and o-quinone methide (o8) di↵er by 4.1 kcal mol 1 . G3S-K 0
K enthalpies are reported in kcal mol 1 relative to o1. . . . . . . . . 67
4.5 Potential energy scheme showing three major pathways for decomposition of m2. The intramolecular H-atom shift from the methyl to
the peroxyl group in m2 is not shown because the TS is 51.7 kcal
mol 1 above m1. G3S-K 0 K enthalpies are reported in kcal mol 1
relative to m1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.6 Potential energy schematic for decomposition of the 7-methyl-oxepinoxyl
radical (o6) from isomerisation of o2. G3X-K 0 K enthalpies are reported in kcal mol 1 relative to o1. . . . . . . . . . . . . . . . . . . . 69
4.7 Potential energy schematic for decomposition of the 3-methyl-oxepinoxyl
radical (o5) from isomerisation of o2. G3X-K 0 K enthalpies are reported in kcal mol 1 relative to o1. . . . . . . . . . . . . . . . . . . . 70
4.8 Potential energy scheme showing the decomposition of 4-methyloxepinoxyl
(m5) from isomerisation of m2. G3X-K 0 K enthalpies are reported
in kcal mol 1 relative to m1. . . . . . . . . . . . . . . . . . . . . . . 71
4.9 Potential energy scheme showing the decomposition of 6-methyloxepinoxyl
radical (m6) from isomerisation of m2. G3X-K 0 K enthalpies are
reported in kcal mol 1 relative to m1. . . . . . . . . . . . . . . . . . 72
4.10 Photoionisation mass spectra at 10.2 eV integrated 0–80 ms after 248
nm photolysis of (a) o-iodotoluene and (b) m-iodotoluene without
O2 added to the reactor and at ambient temperatures (approximately
303 K). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

LIST OF FIGURES
4.11 Co-added m/z 106 kinetic traces integrated between 8.8–9.2 eV (red),
9.4–9.8 eV (black) and 9.8–10.2 eV (blue) from o-methylphenyl + O2
at ambient temperatures. The domain of the graph is time relative
to the photolysis laser pulse. The m/z 106 ion signal is shown to be
a laser dependent signal and the kinetic traces are well match over
the three photoionisation energy ranges. . . . . . . . . . . . . . . . .
4.12 Photoionisation spectra integrated 0–80 ms after photolysis for m/z
94 from o-methylphenyl + O2 (red empty circles) and m-methylphenyl
+ O2 (black empty squares), representing an average of three PI spectra with error bars representing 2 standard deviations. The PI spectrum from o-methylphenyl + O2 is assigned 2-methylcyclopentadiene.
The PI spectrum from m-methylphenyl + O2 is assigned as a mixture
of 2- and 3-methylcyclopentadienone. . . . . . . . . . . . . . . . . . .
4.13 Photoionisation spectrum integrated 0–80 ms after photolysis for m/z
108 from m-methylphenyl + O2 (black empty squares). In Figure
4.1 (main document) the relative ion intensity of m/z 108 for omethylphenyl + O2 is near 50%, compared to 100% for m-methylphenyl
+ O2 . This results in a lower signal-to-noise ratio and increased
deviation around the mean. The m/z 108 PI spectrum from omethylphenyl + O2 is not shown though it is well matched to the
PI spectrum from m-methylphenyl + O2 . An integrated PE spectrum for m-cresol is scaled and well matched to the PI spectrum
from o-methylphenyl + O2 between 8.2–9.2 eV. . . . . . . . . . . . .
4.14 Co-added m/z 108 kinetic traces at 10.2 eV and ambient temperatures. The traces, timed relative to the photolysis laser pulse, show
laser dependent signal that increases intensity gradually until 20 ms
after the laser pulse. The rate coefficient for m/z 108 appearance
from o- and m-methylphenyl + O2 is 500 ± 70 s 1 and 400 ± 20 s 1
between 0–10 ms after photolysis, with the uncertainty representing
1 standard deviation. . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.15 Photoionisation spectrum integrated 0–80 ms after photolysis for m/z
80 from o-methylphenyl + O2 (red empty circles) with error bars
representing 2 standard deviations is compared to m/z 80 PI spectra
for cyclopentadienone from o-hydroxyphenyl + O2 , which is a↵ected
by dissociative ionisation of o-benzoquinone at 9.8 eV. The absence
of an enhanced signal between 9.8–10 eV indicates o-benzoquinone
has insufficient quantities to a↵ect the m/z 80 PI spectrum from omethylphenyl + O2 . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xv

76

77

78

79

79

LIST OF FIGURES
4.16 Photoionisation spectra integrated 0–80 ms after photolysis for m/z
122 from o-methylphenyl + O2 (red empty circles) and m-methylphenyl
+ O2 (black empty squares). . . . . . . . . . . . . . . . . . . . . . . .
4.17 Photoionisation spectra integrated 0–80 ms after photolysis for m/z
66 from o-methylphenyl + O2 (red empty circles) and m-methylphenyl
+ O2 (black empty squares), representing an average of three PI spectra with error bars representing 2 standard deviations. The absolute
PI spectrum for cyclopentadiene is scaled and well matched to the PI
spectrum from o-methylphenyl + O2 (solid purple line). . . . . . . .
4.18 Photoionisation spectra integrated 0–80 ms after photolysis for m/z
67 from o-methylphenyl + O2 (red empty circles) and m-methylphenyl
+ O2 (black empty squares), representing an average of three PI spectra with error bars representing 2 standard deviations. The m/z 67
PI spectra from o- and m-methylphenyl + O2 are well matched. . . .
4.19 Photoionisation spectra integrated 0–80 ms after photolysis for m/z
70 from o-methylphenyl + O2 (red empty circles) and m-methylphenyl
+ O2 (black empty squares), representing an average of three PI spectra with error bars representing 2 standard deviations. The m/z 70
PI spectra from o- and m-methylphenyl + O2 are well matched. . . .
5.1

5.2

5.3

xvi

80

80

81

81

Product photoionisation mass spectra at 373 K and 10 eV integrated
0–20 ms after 248 nm photolysis of (a) o-bromophenol and (b) obromophenol in the presence of additional O2 (7.7 ⇥1015 molecule
cm 3 ). In product spectrum (b) m/z 108 and 80 are reaction product
peaks but, as discussed in the text, a portion of the m/z 80 signal
may arise from dissociative ionisation of o-BQ (assigned to m/z 108). 96
Photoionisation spectra integrated 0–20 ms after photolysis for (a)
m/z 80 and (b) m/z 108 from o-hydroxyphenyl + O2 at 373 K. Each
spectrum is an average of three PI spectra and the 2 statistical
uncertainty is represented by vertical error bars. Figures inset within
(a) and (b) compare the experimental PI spectra near the onset to
reference spectra for CPO and o-BQ (1000 K). Reference PI spectra
are also provided in (a) for CPO (873 K). . . . . . . . . . . . . . . . 98
Potential energy schematic that depicts loss of CO from the o-BQ
radical cation. CBS-QB3 0 K enthalpies are provided in kcal mol 1
relative to the o-BQ radical cation. CBS-QB3 AIE and dissociation
barrier are provided in eV relative to o-BQ. . . . . . . . . . . . . . . 100

LIST OF FIGURES
Mass spectra resulting from (a) PD of 3-bromo-4-hydroxybenzenaminium (m/z 188 and 190), (b) isolation of m/z 109 ions resulting
from 266 nm PD of 3-bromo-4-hydroxybenzenaminium and storage
for 2 seconds in the presence of background O2 (109 molecules cm 3 ),
and (c) CID of the product ion at m/z 124. Experiments were repeated with 18O2 and (d) the product ion at m/z 126 was subjected
to CID. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.5 Kinetic curves for m/z 109 (open blue circles), from PD of 3-bromo-4hydroxybenzenaminium cations, in reactions with (a) background O2
(6.4 ⇥ 109 molecules cm 3 ) and (b) increased O2 (1.9 ⇥1011 molecules
cm 3 ). Residual plots from the fitting of Equation 5.1 are provided
above. The m/z 124 product data are shown (red diamonds) and
track with a rate coefficient in agreement with the m/z 109 decay
(within 2 ). Error bars are 1 . . . . . . . . . . . . . . . . . . . . .
5.6 Potential energy schematic depicting the peroxyl ! hydroperoxy radical isomerisation and subsequent OH elimination for both neutral
(black) and ammonium-tagged (blue) o-hydroxyphenyl + O2 . G3XK 0 K enthalpies are provided in kcal mol 1 relative to the respective
o-hydroxyphenyl + O2 reactants. . . . . . . . . . . . . . . . . . . .
5.7 Potential energy schematic for CO loss from o-BQ (N4) along the
singlet C6 H4 O2 surface. G3X-K 0 K enthalpies are provided in kcal
mol 1 relative to o-BQ. . . . . . . . . . . . . . . . . . . . . . . . . .
5.8 Potential energy schematic comparing the OH-cis and OH-trans reaction pathways to the hydroxyoxepinoxyl and 6-carboxy-1-oxo-hex2,4-dienyl intermediates along the neutral o-hydroxyphenyl + O2 reaction surface. The barrier to TS N3 ! N4 (leading to o-BQ) and
reaction enthalpy for the o-hydroxyphenoxyl radical (N40) are included for comparison. G3X-K energies are reported in kcal mol 1
relative to o-hydroxyphenyl + O2 . . . . . . . . . . . . . . . . . . . .
5.9 Photoionisation spectra integrated 0–15 ms after 248 nm photolysis
for (a) m/z 80 and (b) m/z 108 from the o-hydroxyphenyl + O2
reaction at 500 K. Each spectrum is an average of three PI spectra
and the 2 statistical uncertainty is represented by vertical error bars.
Reference PI spectra are provided in (a) for CPO (873 K). . . . . .
5.10 Photoionisation spectra integrated 0–13 ms after 248 nm photolysis
for (a) m/z 80 and (b) m/z 108 from the o-hydroxyphenyl + O2
reaction at 600 K. Each spectrum is an average of two PI spectra and
the 2 statistical uncertainty is represented by vertical error bars.
Reference PI spectra are provided in (a) for CPO (873 K). . . . . .

xvii

5.4

. 102

. 103

. 107

. 109

. 111

. 116

. 116

LIST OF FIGURES
5.11 Product mass spectra for o-hydroxyphenyl radical + O2 reaction integrated from 9.4 to 9.75 eV (left panel: a, b, and c) and 9.85 to 10
eV (right: d, e, and f) at 373 K (a and d) 020 ms, 500 K (b and e)
0–15 ms, and 600 K (c and f) 0–13 ms after photolysis. . . . . . . .
5.12 Kinetic traces of the ion signal at m/z 80 (red with empty circles) and
m/z 108 (black) for the o-hydroxyphenyl + O2 reaction integrated
(a) from 9.4 to 9.75 eV and (b) from 9.85 to 10 eV 500 K. Gas flow
velocity was 13.5 m s 1 and the total gas flow density was 7.7 ⇥1016
molecule cm 3 at 500 K. . . . . . . . . . . . . . . . . . . . . . . . .
5.13 Kinetic traces of the ion signal at m/z 108 (red) and m/z 110 (black)
from the o-hydroxyphenyl + O2 reaction integrated 9.0 to 10.0 eV at
600 K. The gas flow velocity was 16.2 m s 1 and the total gas flow
density was 6.4 ⇥1016 molecule cm 3 at 600 K. . . . . . . . . . . .
5.14 Mass spectrum (a) is produced by PD of 3-bromo-4-methylbenzenaminium (m/z 186 and 188) and isolation of the resulting m/z 107
ion in the presence of background O2 ([O2 ] = 6.4 ± 0.4 ⇥109 molecules cm 3 ) for 2000 ms and (b) by PD of 3-iodo-4-hydroxy-N,N,N trimethylbenzenaminium cations (m/z 278) and isolation of the resulting m/z 151 ion in background O2 ([O2 ] = 6.6 ± 0.3 ⇥109 molecules
cm 3 ) for 2000 ms. . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.15 Example kinetic curves for m/z 107 (solid green circles), from PD
of 3-bromo-4-methylbenzenaminium cation, from reactions with (a)
background O2 (6.4 ⇥109 molecules cm 3 ) and (b) increased O2 (1.9
⇥1011 molecules cm 3 ). Residual plots from the fitting of Equation
5.1 is provided above. . . . . . . . . . . . . . . . . . . . . . . . . . .
5.16 An example kinetic curves for m/z 151 (solid purple circles), from
PD of 3-iodo-4-hydroxy-N,N,N -trimethylbenzenaminium cations, reactions with background O2 (6.6 ⇥109 cm 3 ). A residual plot from
the fitting of Equation 5.1 is provided above. . . . . . . . . . . . . .
5.17 A plot of the measured pseudo-first order rate coefficients (k1st ) versus
measured [O2 ] for m/z 109 ions (solid blue diamonds), from PD
of 3-bromo-4-hydroxybenzenaminium cations, and m/z 107 (green
circles), from PD of 3-bromo-4-methylbenzenaminium cations. The
error bars in k1st are 2 and the linear regression uses 50% uncertainty for [O2 ]. The slope of the fitted lines for m/z 109 (solid) and
m/z 107 (dashed) are in accord with reported k2nd in Table 5.2 in the
main document. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xviii

. 118

. 119

. 119

. 120

. 121

. 122

. 122

LIST OF FIGURES

xix

5.18 Reaction enthalpies (0 K) for H3 N+ – (CH2 )n tagged o-hydroxyphenylperoxyl (C2) ! o-BQ + OH reduced linearly as a function of 1/r and
converged toward that for the corresponding neutral reaction (-0.9
kcal mol 1 ). When n = 7, the di↵erence is ⇠0.2 kcal mol 1 . Structures were calculated using the M06-2X/6-311++G(d,p) method and
are reported in kcal mol 1 relative to the H3 N+ – (CH2 )n – C6 H3 (OH)OO•
homologue series. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.19 Potential energy schematics for (a) CO elimination mechanism proposed by Skokov et al. as applied to the ammonium-tagged o-BQ
and (b) additional pathways that also result in tagged CPO + CO.
Coloured pathways indicate which of the two carbonyl groups in oBQ is eliminated: Red for the para-carbonyl and blue for the metacarbonyl group. G3X-K energies are reported in kcal mol 1 relative
to 4-ammonium-2-benzoquinone. . . . . . . . . . . . . . . . . . . . . . 125
5.20 Potential energy schematic for O(3 P) and subsequent CO loss from
o-hydroxyphenoxyl, followed by H-atom elimination to generate the
CPO + H + CO + O(3 P) product (N44). The corresponding O(3 P)
loss on the charge-tagged reaction surface is provided as an inset.
Energies were calculated using the G3X-K composite method and
reported in kcal mol 1 relative to the respective o-hydroxyphenyl +
O2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.21 Potential energy schematic comparing the OH-cis and OH-trans reaction pathways to the ammonium-tagged hydroxyoxepinoxyl and 6carboxy-1-oxo-hex-2,4-dienyl intermediates along the charge-tagged
o-hydroxyphenyl + O2 reaction surface. The reaction enthalpy for
the tagged o-hydroxyphenoxyl radical (C40) is also included for comparison. G3X-K energies are reported in kcal mol 1 relative to 5ammonium-2-hydroxyphenyl + O2 . . . . . . . . . . . . . . . . . . . . 128
5.22 Potential energy schematic showing decomposition pathways for 7hydroxyoxepinoxyl and 6-carboxy-1-oxo-hex-2,4-dienyl toward o-BQ
+ OH and CPO + HOCO. G3X-K energies are reported in kcal mol 1
relative to o-hydroxyphenyl + O2 . . . . . . . . . . . . . . . . . . . . . 130
5.23 Potential energy schematic showing decomposition pathways for the
3-hydroxyoxepinoxyl radical toward 3-hydroxy-2-benzoquinone + H
and 2-hydroxy-cyclopentadienone + HCO. G3X-K energies are reported in kcal mol 1 relative to o-hydroxyphenyl + O2 . . . . . . . . . . . 131

LIST OF FIGURES
6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

xx

Product mass spectra at 9.325 eV integrated 0–50 ms after 248 nm
photolysis of o-iodotoluene in the presence of (a) allene and (b) propyne
at 600 K and 4 Torr. These mass spectra are background subtracted
with the average of 20 ms pre-laser signal. Both mass spectra are
normalised so the intensity of the m/z 92 signal is 100 arbitrary units. 146
Average PI spectra of m/z 116 from o-methylphenyl + allene (open
red circles) and o-methylphenyl + propyne (open black triangles). A
reference PI spectrum for an indene sample is shown (solid purple line).148
Average PI spectra of m/z 130 from o-methylphenyl + allene (open
red circles) and o-methylphenyl + propyne (open black triangles). A
reference PI spectrum for a 1,2-dihydronaphthalene sample is shown
(solid purple line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Potential energy schematic for adduct formation and isomerisation
between P1 and P2 propyne adducts from o-methylphenyl + propyne
(P0). M06-2X 0 K enthalpies reported in kcal mol 1 relative to omethylphenyl + allene (A0). . . . . . . . . . . . . . . . . . . . . . . . 150
Potential energy schematic for reactions of the P1 to indene + CH3
(C4). This mechanism is in accord with propyne-d 4 experimental
data (mass spectrum in Figure 6.17). M06-2X 0 K enthalpies reported
in kcal mol 1 relative to o-methylphenyl + allene (A0). . . . . . . . . 150
Potential energy schematic for reactions of the P4 to 1,2-dihydronaphthalene + H (C7). The limiting TS P6!P7 at -2.9 kcal mol 1
approaches the energy of P0 at -0.2 kcal mol 1 . M06-2X 0 K enthalpies reported in kcal mol 1 relative to o-methylphenyl + allene
(A0). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
Potential energy schematic for adduct formation and isomerisation
between A1 and A2 allene adducts from o-methylphenyl + allene
(A0). M06-2X 0 K enthalpies reported in kcal mol 1 relative to A0. . 153
Potential energy schematic for reactions of A1 toward 1,2- and 1,4dihydronaphthalene + H (C7 and C8). M06-2X 0 K enthalpies reported in kcal mol 1 relative to o-methylphenyl + allene (A0). . . . . 153
Potential energy schematic for isomerisation between the A2 and P2
(the carbon-2 adducts for allene and propyne, respectively). Decomposition of the 2-(propen-2-yl)benzyl radical (C1) is shown in Figure
6.10. M06-2X 0 K enthalpies reported in kcal mol 1 relative to omethylphenyl + allene (A0). . . . . . . . . . . . . . . . . . . . . . . . 154

LIST OF FIGURES
6.10 Potential energy schematic for unimolecular decomposition of C1 to
either indene + CH3 , 1,2- or 1,4-dihydronaphthalene + H. The scheme
is accessible via isomerisation of A2 and P2 to C1, as shown in
Figure 6.9. The limiting transition structures to each product have
enthalpies within 2 kcal mol 1 . M06-2X 0 K enthalpies reported in
kcal mol 1 relative to o-methylphenyl + allene (A0). . . . . . . . .
6.11 Potential energy schematic for reactions of C5 toward 1,2-dihydronaphthalene + H (C7). The 1,2-atom shift from C10 to C6 and
an alternative pathway via TS C5!C10 are included. The limiting
TS C10!C7 toward 1,2-dihydronaphthalene + H is 2.8 kcal mol 1
below the limiting TS C6!C7 in Figure 6.10. M06-2X 0 K enthalpies reported in kcal mol 1 relative to o-methylphenyl + allene
(A0). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.12 Average PI spectra of m/z 130 from o-methylphenyl + allene (open
red circles) and o-methylphenyl + propyne (open black triangles). A
reference PI spectrum for a 2-methylindene sample is shown (solid
purple line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.13 Average PI spectra of m/z 130 from original 1,2-dihydronaphthalene
sample (solid purple line, included in Figure 6.3) and PI spectrum
from a new sample of 1,2-dihydronaphthalene acquired on the same
instrument (solid red line). . . . . . . . . . . . . . . . . . . . . . . .
6.14 Average PI spectra of m/z 39 from o-methylphenyl + allene (open
red circles) and o-methylphenyl + propyne (open black triangles). A
vertically scaled PI spectrum for the propargyl radical (CHCCH2 ) is
included, solid purple line). . . . . . . . . . . . . . . . . . . . . . . .
6.15 Average PI spectra for m/z 41 from o-methylphenyl + allene (open
red circles). A vertically scaled PI spectrum for the allyl radical
(CH2 CHCH2 ) is included as a solid purple line. . . . . . . . . . . .
6.16 Average PI spectra of m/z 78 from o-methylphenyl + allene (open
red circles). A vertically scaled PI spectrum for fulvene is included
(solid purple line). . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.17 Product PI mass spectrum at 9.325 eV integrated 0-50 ms after 248
nm photolysis of o-iodotoluene in the presence of propyne-d 4 (44 Da)
at 600 K. The ions at m/z 42 and 117 were assigned isotopologues of
the propargyl radical (C3 D3 ) and indene (C9 H7 D). . . . . . . . . . .

xxi

. 155

. 156

. 158

. 159

. 160

. 161

. 161

. 163

List of Tables
3.1
3.2

3.3

4.1

4.2

5.1

5.2

Distonic radical precursor ions [M] + introduced by +ESI of methanolic solutions of the corresponding salt. . . . . . . . . . . . . . . . . . 36
Second-order rate coefficients (k2nd , cm3 molecule 1 s 1 ) and reaction
efficiencies ( ) for reactions of PD generated distonic radicals with
O2 (molecule cm 3 ). Estimated upper limit of 50% uncertainty in
second-order rate coefficients. O2 collision frequency from average
dipole orientation (ADO) theory is 5.7 ⇥10 10 cm3 molecule 1 s 1
for all species of m/z 149. . . . . . . . . . . . . . . . . . . . . . . . . 39
Comparison of M06-2X/6-311++G(d,p) and G3SX(MP3) energies
presented in kcal mol 1 relative to the initial intermediate (II) for
the charge-tagged 2-methylphenyl + O2 reaction. . . . . . . . . . . . 49
Calculated CBS-QB3 adiabatic ionisation energies for C5 H7 isomers
(67 Da). The CBS-QB3 relative heats of formation ( Hf ) are provided
in kcal mol 1 with zero-point energy . . . . . . . . . . . . . . . . . . 82
Calculated CBS-QB3 adiabatic ionisation energies for C7 H6 O2 isomers (122 Da). The CBS-QB3 enthalpies ( Hf ) are provided in kcal
mol 1 with zero-point energy. . . . . . . . . . . . . . . . . . . . . . . 82
Measured photoionisation thresholds for m/z 80 and 108 compared
to calculated CBS-QB3 AIE for CPO, o-BQ and p-benzoquinone.
Literature vertical (VIE) and adiabatic ionisation energies (AIE) are
provided with the original reference . . . . . . . . . . . . . . . . . . . 97
Second-order rate coefficients (k2nd , cm3 molecule 1 s 1 ) and reaction
efficiencies ( %) for reactions of PD generated distonic radical cations
with O2 (molecule cm 3 ). Uncertainties are an estimated upper limit
of 50% in second-order rate coefficients and reaction efficiencies. O2
collision frequencies calculated using the Langevin collision model. . . 106

xxii

LIST OF TABLES
5.3

5.4

6.1

6.2

6.3

6.4

xxiii

Calculated CBS-QB3 adiabatic ionisation energies for linear C5 H4 O
isomers (m/z 80). None of the C5 H4 O isomers listed have a calculated adiabatic ionisation energy of 9.8 eV. G3XK enthalpies ( Hf )
provided in kcal mol 1 with zero-point energy. . . . . . . . . . . . . . 117
The sum of states for the transition structures (i.e. N ‡ (E E0 )) and
the energy dependent rate coefficient from Equation 5.3 are provided
for salient unimolecular processes from 2-hydroxyphenylperoxyl radical toward o-BQ, hydroxy-oxepinoxyl and carboxyoxohexdienyl radicals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
Measured PI thresholds for detected ion signals compared to CBSQB3 adiabatic ionisation energies (AIEs) for the assigned species.
Literature ionisation energies are provided and marked according to
the technique of measurement. PE values were obtained from photoelectron spectroscopy and EI values from electron impact techniques.
Calculated CBS-QB3 adiabatic ionisation energies (AIEs) for C9 H8
isomers (116 Da). Relative CBS-QB3 enthalpies ( Hf ) are provided.
The techniques used to obtain literature values are indicated within
brackets with EI meaning electron impact techniques, and PI meaning
photoionisation mass spectrometry. . . . . . . . . . . . . . . . . . . .
Calculated CBS-QB3 AIEs for C10 H10 isomers (130 Da). Relative
CBS-QB3 enthalpies ( Hf ) are provided. The techniques used to
obtain literature values are indicated within brackets with EI meaning
electron impact techniques, and PI meaning photoionisation mass
spectrometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Calculated CBS-QB3 AIEs for C6 H6 isomers (78 Da). Relative CBSQB3 enthalpies ( Hf ) are provided. The techniques used to obtain
literature valves are mentioned in brackets where PE means photoelectron spectroscopy, TE means threshold electron detection. . . . .

147

158

159

162

List of Schemes
1.1
1.2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.1
3.2
3.3

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.1
5.2
5.3

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

xxiv

2
5

Chapter 1
Introduction
The Paris Agreement aims to reduce global greenhouse gas emissions (including
CO2 ) to limit the average global temperature rise by 2 C above pre-industrial temperatures.1–3 Currently, fossil fuel combustion represents a significant contribution
toward the total global CO2 budget4 and projected to account for 78% of energy
use in 2040.5
A strategy for mitigating CO2 emissions in fossil fuel combustion is the improved
efficiency and performance of combustion technology.6 Historically, this requires empirical study of engine performance, fuel consumption, and fuel blend properties (e.g.
the research octane number).7 However, the combustion characteristics of new lowemission alternatives to conventional spark and diesel engines, e.g. homogeneous
charge compression ignition (HCCI), are determined by fuel chemistry.8 Tuning new
fuels for these technologies requires a fundamental understanding of combustion
chemistry.9 A recent review advocated the construction of predictive chemical models, that include fundamental chemical processes, to inform development of more
efficient fuels: “There is not enough time to innovate by empirical approaches...
Some of the most promising new engine strategies hinge upon control by chemistry,
rather than control by physics (e.g., spark plug timing).”10
Predictive models of complex reaction systems require empirical data to construct plausible reaction mechanisms for fuel ignition and pyrolysis, but also to assess
outputs of the model. Substituted aromatics represent a significant proportion of
transport fuels and biofuel stocks.11 Methylbenzenes, for example, are used for their
high research octane number and energy density,12,13 while phenolic species enhance
the oxidative stability of diesel fuels.14–17
Following H-atom abstraction in reactive environments, substituted aromatic
radicals do not always follow the conventional phenyl oxidation mechanisms outlined
in Scheme 1.1.19–28 The two key pathways for phenyl + O2 , after O2 addition are:
(i) O(3 P) loss from the peroxyl radical adduct at temperatures >900 K, and (ii)
formation of the reactive oxepinoxyl radical followed by prompt decomposition at
1

Chapter 1. Introduction

2

Figure 1.1. Reaction mechanism for low-temperature alkyl radical oxidation
and autoignition, preceded by H-atom extraction. Reproduced from Ref. 18

<900 K. In the case of ortho-substituted phenyl radicals, e.g. after O2 addition to
form the methylphenylperoxyl radical, the peroxyl radical can abstract a H atom
from the proximal methyl substituent to react along new pathways.29 The primary
aim of this thesis is to identify dominant products and pathways for oxidation of
o-methylphenyl radicals (Chapters 3 and 4) and o-hydroxyphenyl radicals (Chapter
5), and reactions of o-methylphenyl radicals with C3 H4 isomers (Chapter 6).
O
+ O(3P)
OO

(i)

+ O2

(ii)

O

O

Scheme 1.1

The reactions of ortho-substituted methylphenyl and hydroxyphenyl radicals
are implicated in mechanisms for oxidation of o-xylene at 1155 K,30 benzyl decomposition,31,32 and lignin pyrolysis.33 H-atom abstraction from toluene and phenol
will predominantly result in resonantly stabilised benzyl and phenoxyl radicals, respectively.34–36 This is rationalised by the relatively large di↵erence between bond
the dissociation energies for benzyl C-H and phenolic O-H (89.8 ± 0.6 and 90 ± 3
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kcal mol 1 ) and the benzene C-H (112.9 ± 0.5 kcal mol 1 ).37 In the case of toluene, at 1000 K the product branching ratio for methylphenyl and benzyl radicals
by •OH abstraction reactions is close to 1:3, increasing to 1:2 at 2000 K.34 Furthermore, the lifetime of the methylphenyl species near low-temperature autoignition
conditions (1100 K) is sufficient for bimolecular reactions.38,39 In the case of phenol,
H-abstraction from the phenyl ring is expected at temperatures >390 K.40
Theoretical work on the isomerisation of methylphenyl radicals to resonantly
stabilised benzyl radicals suggests that the lifetime of ortho-substituted phenyl radicals at <1100 K (in the low-temperature combustion regime10,18 ) is sufficient for
bimolecular reactions.38 However, the ortho-, meta-, and para-methylphenyl isomers are treated similarly when considered for both low-temperature41–43 and hightemperature combustion models (i.e. >1100 K).44–46 These models presume the
abundance of methylphenyl radicals is near zero, or treat the substituent as a spectator to the phenyl-like oxidation reactions illustrated in Scheme 1.1.27,28 The latter
is also said for o-hydroxyphenyl radicals.47
The oxidation of para-methylphenyl radicals, for example, is rationalised by
phenyl-like oxidation mechanisms.48 However, for o-methylphenyl radicals, a computational study has revealed a new mechanism after O2 addition.29 After O2 addition, the proximity of the peroxyl and methyl groups in the o-methylphenylperoxyl
radical allows a 1,5-H atom shift and subsequent OH elimination to produce quinone
methide. It is plausible that such a mechanism occurs for o-methylphenyl radicals
in low-temperature combustion but not at higher temperatures (>1100 K) where
the radical lifetime is far shorter. Chapters 3 and 4 provide experimental evidence
for the low-temperature oxidation of o-methylphenyl radicals, producing o-quinone
methide + OH. An analogous pathway for o-hydroxyphenyl radicals is also supported by data presented in Chapter 5. This mechanism also has similarities to the
Waddington mechanism for -hydroxyperoxyl radicals.49–51
The reactions of phenyl radicals with both allene and propyne (C3 H4 ), similar to phenyl radical oxidation, have been studied52–58 and are of interest to PAH
formation. The addition of phenyl radical radicals to both C3 H4 isomers leads to a
common intermediate and H-atom loss to form indene.55,56 Transition state theory
and RRKM-master equation analyses57,58 also predict indene + H at low temperatures and pressures while styrene + CH3 is the main CH3 loss channel. Unlike with
hydrogen abstraction, acetylene addition (HACA) mechanism for PAH growth,59
the C3 H4 reaction products are not highly symmetrical.
An investigation by para-methylphenyl radicals with both C3 H4 isomers produced 5- and 6-methylindene + H,60 consistent with the findings of previous phenyl
radical + C3 H4 studies. As with para-methylphenyl oxidation48 and meta-methylphenyl
oxidation in 4, the methyl substituent was a spectator to the reaction. Chapter 6
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reveals two fused-ring structures formed by the reaction of o-methylphenyl radicals with allene and propyne that are rationalised by participation of the o-methyl
substituent (as was done with o-methylphenyl oxidation).
The reactions of radicals are difficult to study in isolation due to the high reactivity and difficulty in producing high quantities10,61 Identification and characterisation of reaction intermediates and the subsequent products remain a challenge. Consequently, computational chemistry has dominated the literature especially in elucidation of reaction mechanisms and reaction enthalpies.19–28,57,58 However, a number of
experimental strategies have been implemented to understand fundamental phenyl
radical reactions. They include, but not limited to: single-collision crossed molecule beam studies that provide important dynamical information,48,52,54,55 heated
micro-reactor studies,32,33,62,63 and shock tube experiments.64–66
The two methods used in this thesis are synchrotron-based time-resolved photoionisation mass spectrometry67,68 and distonic ion mass spectrometry.61 The former
utilises a multiplexed photoionisation mass spectrometer67 at the Chemical Dynamics Beamline69 of the Advanced Light Source (ALS) synchrotron, which is described
in Chapter 2. The high-flux and tunability of the VUV radiation from the ALS synchrotron is e↵ectively unobtainable with conventional bench-top laser based methods. Coupled with time-of-flight mass spectrometry, this endstation has the ability
to distinguish isomers by photoionisation onsets using known and calculated adiabatic ionisation energies, and quantify product branching ratio by examination of
photoionisation spectra.
Distonic ion mass spectrometry, as described in Chapters 3 and 5, exploits
charge-tagged derivatives of neutral radical species to study radical kinetics and
reaction products by ion-trap mass spectrometry.61 These distonic ion oxidation
experiments build on a framework provided by previous studies of distonic phenyl
radical oxidation,70 which established that phenyl oxidation typically occurs with
around 5% reaction efficiency, (i.e. measured second-order rate coefficient divided
by the collision limit). This approach can allow the isolation and characterisation of
intermediates and products. This ability, coupled with photo- and collision-induced
dissociation, can provide information on dissociation pathways e.g. the CO loss
described in Chapter 3. This capacity is essential to the development of reaction
mechanisms that accurately describe the generation of isomeric products.
A challenge in the study of radical reactions is the isolation of reactive intermediates and products. One approach is the use of ion-trap mass spectrometry
and distonic radical ions as analogues to neutral radicals. Distonic radical cations
are characterised by the spatial and electronic separation of the radical and charge
site.61,71,72 Examples of distonic pyridine and aniline radical cations are juxtaposed
with their conventional radical ions in Scheme 1.2. It is not necessary that the
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N

H
N

NH 2

NH 3

Scheme 1.2

distonic radical cation be less stable, for example, N -protonated pyridinyl radical
cations are more stable than the conventional radical cation in Scheme 1.2.73 The
separate charge and radical sites of distonic ion allows the use of ion-trap mass
spectrometry to isolate and hold reactants and probe reaction products. Barriers to
distonic radical and molecule reaction can be treated as an avoided curve crossing74
under the ionic curve-crossing model.61,75 Gryn’ova et al. have also demonstrated
for negative ions that the e↵ect of the charged-tag substituent is a through-space
Coulombic a↵ect, i.e. reducing at 1/r where r is the separation between charge
and radical sites.76 Distonic radical cations were used to probe the reactions of
peroxyl radicals, such as the 4-(N,N,N -trimethylammonium)phenylperoxyl radical
cation.70,77,78
The utility of distonic cations is illustrated in Chapter 3 and 5 where the oxidation of ortho-substituted radicals produced a quinone-type product from OH
elimination. These results are complemented by the studies of neutral radicals in
4 and 5. Though the intrinsic reactivity of the radical may be perturbed by the
presence of a near-by charge,61,76,79 studies on distonic radical ions provide useful
information on the reactions of their neutral counterparts.77,79–81
This thesis explores the reactions of select ortho-substituted phenyl radicals
(distonic and neutral) with a neutral species (O2 , allene, and propyne). Chapter 2
describes the instrumentation and methodology used to investigate the reactions described in subsequent chapters. Chapters 3 and 4 describe oxidation of distonic and
neutral o-methylphenyl radicals, respectively. Chapter 5 is also a complementary
study of distonic and neutral o-hydroxyphenyl radical reactions with O2 . The O2
reactant is changed for allene and propyne in Chapter 6 for o-methylphenyl radical
reactions. Conclusions and future directions are summarised in the final Chapter 7.
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Chapter 2
Instrumentation and Methodology
Reactions of distonic radical cations were investigated using ion trap mass spectrometry at the University of Wollongong, as described in Chapters 3 and 5 with
further details in Section 2.2. The reactions of neutral substituted-phenyl radicals were investigated using multiplexed time-resolved photoionisation mass spectrometry (MPIMS) with synchrotron-generated VUV radiation as described in Chapters
4-6 with additional details provided in Section 2.1. Quantum chemical calculations
for both neutral and distonic systems were conducted as described in Chapters 3–6
and summarised in Section 2.3 using programs such as Gaussian 09.1
Segments of Chapter 2 are reiterated in subsequent Chapters 4, 5, and 6. These
chapters were originally produced for publication in in peer-reviewed journals and
therefore include descriptions important to understanding the instrumentation and
methodology.

2.1

Synchrotron-Based Photoionisation
Mass Spectrometry

Experiments that utilise the multiplexed photoionisation mass spectrometer (MPIMS)
with synchrotron-generated VUV ionising radiation are conducted on the Chemical
Dynamics Beamline 9.0.2 at the Advanced Light Source, Lawrence Berkeley National
Labs (ALS, LBNL) in collaboration with scientists from LBNL and the Combustion
Research Facility at Sandia National Laboratory in Livermore. An overview and
important considerations for the Chemical Dynamics Beamline 9.0.2 and MPIMS
experiment are outlined in Section 2.1.1 and 2.1.2.
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Chemical Dynamics Beamline (Beamline 9.0.2)

The VUV radiation utilised at the Chemical Dynamics Beamline (Beamline 9.0.2)
is generated using a synchrotron, these are instruments that accelerate electrons
travelling close to the speed of light. Synchrotron radiation is emitted from these
electrons as they are accelerated by bending magnets or undulators. On Beamline
9.0.2, the VUV radiation is generated by an undulator.
At the ALS, free electrons are generated by heating a barium aluminate cathode
and separated into electron packages with radiation from two klystron microwave
amplifiers. The electron packages are then accelerated by a linear accelerator before
entering the smaller of two synchrotrons. In the smaller synchrotron, microwave
cavities resonant at 500 Hz accelerate the electron packages close to the speed of
light. When the electron packages have reached a target speed they are injected
into the larger of two synchrotrons where microwave cavities maintain the speed
of electron packages. In the larger synchrotron, an undulator oscillates electrons
travelling close to the speed of light to generate VUV synchrotron radiation. Figure
2.1 is a schematic representation of an undulator utilised on Beamline 9.0.2, which
has 43 ⇥ 10 cm periods.

λu
x

y

z
dy

e-

Figure 2.1. Schematic representation of an undulator used to generate VUV
radiation. Electrons within the synchrotron are directed along the z-axis of an
alternating, periodic magnetic structure: an undulator. The alternating magnetic
field accelerates the electrons normal to the direction of their velocity, causing the
electrons to oscillate horizontally (x-axis). Arrows on the magnets indicate the
peak magnetic field direction. In reference to Equations 2.2 and 2.3: the y-axis
distance between the two array of magnets (dy ) is adjusted to control the peak
magnetic field strength (B0 ) experienced by electrons and therefore, control the
fundamental wavelength of radiated light ( 1 ). Interference of radiation from
many electrons result in a coherent light source when K  1.

In reference to Figure 2.1, y-axis distance between the two array of magnets
(dy ) can be adjusted to control the peak magnetic field strength (B0 ) and, in turn,
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the deflection parameter (K) parameter. This K parameter describes the electron
motion within the undulator. Small K values infer a small amplitude of oscillation
within the x-axis of Figure 2.1 while a large K parameter should infer a large amplitude. Typical operation of an undulator requires K  1 and it is calculated from
Equation 2.2.

eB0 u
2⇡mc
= 0.934B0

K=

(2.1)
(2.2)

u

Where e is electron charge (Coulomb), B0 is the peak magnetic field strength
(Teslas), u is the spatial period of the alternating periodic structure (cm), m is the
electron mass, and c is the electron speed.
The fundamental wavelength of radiated light ( 1 ) is calculated from Equation
2.3 and is a function of the K parameter, which is dependent on dy as defined in
Figure 2.1.

1

=

⇣

1+

K2
2

2m2 c4

⌘

u

(2.3)

Synchrotron radiation produced at the undulator is directed along the Chemical Dynamics Beamline. Figure 2.2 shows a schematic of the Chemical Dynamics
Beamline reproduced from Ref. 2. The MPIMS is coupled to Terminal 3 of the
Chemical Dynamics Beamline.
The VUV radiation from the undulator is directed by a spherical mirror (M1)
and toroidal mirror (M2) though a windowless harmonic gas filter,3,4 transmitted
through a 3 m path length monochromator (1014 s 1 flux, 0.1% bandwidth), and
the monochromatised light is reflected toward Terminal 3 (T3). Typically, argon
gas is used in the windowless harmonic gas filter to transmit primary undulator
harmonics <15.8 eV. Secondary harmonics <7.8 eV are also transmitted. To limit
the e↵ect of secondary harmonics when exploring photon energies near 7.8 eV a lowpass MgF2 filter is inserted before T3 to transmit photons with energies <11.4 eV
and secondary harmonics <5.7 eV–less than the photon energies normally achieved
at T3 (7.4 eV).

M1

M2

toward 9.0.1

gas filter

monochromator

toward T2,
T4, & T5

toward T1

Figure 2.2. Schematic diagram of the Chemical Dynamics Beamline 9.0.2 at the ALS, LBNL. VUV undulator radiation (5–30 eV) is
directed by a spherical mirror (M1) and toroidal mirror (M2) though a windowless harmonic gas filter, transmitted through a 3 m path
length monochromator (1014 s 1 flux, 0.1% bandwidth), and then reflected toward Terminal 3 (T3). The monochromatised output at T3:
photon energies between 7.4–15.8 eV with 1012 –1014 s 1 flux and a resolution between 10–50 meV.2 T1, T2, T4, and T5 are other terminals
on beamline 9.0.2. Beamline 9.0.1 shares an undulator with 9.0.2.

synchrotron
radiation

T3
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Multiplexed Time-Resolved Photoionisation Mass Spectrometry (MPIMS)

The MPIMS instrument was constructed and reported by Osborn et al.5 then subsequently refitted with an orthogonal-extraction time-of-flight (TOF) mass detecter.6
The MPIMS instrument coupled to the Chemical Dynamics Beamline via Terminal
3 shown in Figure 2.2. Figure 2.3 is a schmatic representation of the MPIMS instrument coupled with Beamline 9.0.2.
Information on the MPIMS instrument and its application to the study of
radical-neutral reaction is provided in Chapters 4, 5, and 6. A brief description
is provided here. The apparatus includes: a slow-flow reactor tube with a pinhole
to allow the escape of reacted gases, a skimmer to produce a near-e↵usive molecular beam from gases escaping the reactor, a vacuum region where gas-phase species
experience VUV synchrotron radiation and undergo photoionisation, and and orthogonal acceleration time-of-flight (TOF) mass spectrometer. Additional information helpful to understanding the measurement of photoionisation signal intensity
is provided in Section 2.1.2.1.
Radicals are generated within the reactor by photolysis of gas-phase halogenated
radical precursors at 248 nm from a pulsed KrF excimer laser operating at 4 Hz.
The radical precursors and co-reactants, such as O2 and C3 H4 , are supplied to the
reactor via separate mass flow controllers. A detailed description of the reactor gas
flow can be derived from Section 2.1.2.2, which includes an example calculation.
2.1.2.1

Instrumental Parameters

The arrival times for each detectable ion are recorded with respect to the KrF
excimer laser pulse in a duty cycle (250 ms).
Mass measurement with the orthogonal acceleration time-of-flight (TOF) mass
spectrometer is achieved by applying Equation 2.4.7 Where m is the ion mass, q is
the ionic charge, ↵ and are the instrument-dependent calibration constants.

m = q (↵⌧ + )2

(2.4)

The ↵ and constants are derived experimentally. First, a standard mixture
containing ethene (C2 H4 ), propene (C3 H6 ), and butene (C4 H8 ) is supplied to the
MPIMS. Second, uncalibrated massqspectra are acquired with ⌧ along the x-axis.
Finally, Equation 2.5 is to a plot of mq against ⌧ where ↵ is the slope and is the
y-axis intercept.
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photolysis
laser pulse

time-of-flight
mass spectrometer

Quartz reactor tube

ions

gas flow

gas flows from
separate MFC
skimmer

molecular
beam

4 Torr inside
10-5 Torr outside
He buffer

50 kHz
pulsed
extractor
molecular
beam

VUV radiation
pump

Figure 2.3. Schematic illustration of the MPIMS instrument interfaced with
Terminal 3 on the Chemical Dynamics Beamline at the ALS. The MPIMS instrument comprises a slow-flow quartz reactor tube, a vacuum chamber where
interaction VUV synchrotron radiation generates ions, and orthogonal acceleration time-of-flight (TOF) mass spectrometer.

r

m
= ↵⌧ +
q

(2.5)

The energy-dependent ion signal intensity from photoionisation of a neutral
species (SiP I (E)) is described by Equation 2.6 (Ref. 6) where ⇤ is a combination
of instrumental constants, iP I (E) is the energy-dependent photoionisation cross
section of the neutral, Ni is the ion concentration, and ↵i is the mass-discrimination
factor.

SiP I (E) = ⇤

PI
i (E)

Ni ↵ i

(2.6)

If multiple ionic species are detected with the same mass-to-change ratio, the
total SiP I (E) is described by Equation 2.7. In Equation 2.8 the ⇤, Ni , and ↵i terms
are combined in the !i weighting term.
Absolute PI spectra can be fitted to experimental PI spectra using Equation
2.8. The ratio of !i terms will provide relative branching ratios for a mass-to-charge
ratio. However, if a relative PI spectrum is substituted for iP I (E), the product
branching ratio cannot be quantified though still providing a product assignment.
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SiP I (E)

(2.7)

i=1

= !1
2.1.2.2

PI
1 (E)

+ !2

PI
2 (E)

+ ... + !n

PI
n (E)

(2.8)

Gas Flow Calculations

Assuming the gas flow within the quartz reactor tube is ideal, the number density of
a gas supplied to the reactor by a mass flow controller (NA ) is derived from Equation
2.11
NA
QA
=
Ntotal
Qtotal
=) NA =
NA =

(2.9)

QA
⇥ Ntotal
Qtotal

(2.10)

QA
Ptotal
⇥
Qtotal kTtotal

(2.11)

where Ntotal is the total number density of the reactor flow (including all reactants
and additional He). QA is the mass flow rate of a gas controlled by a mass flow
controller and Qtotal is the total mass flow rate through the reactor in sccm units
(standard cm3 min 1 ). Ptotal and Ttotal are the pressure and temperature of the gas
flow within the reactor (typically Ptotal = 4 Torr).
The number density of a radical precursor (R) supplied to the reactor as a
radical precursor + He gas mixture is derived from Equation 2.12 or 2.13 when NA
is known
PR
⇥ NA
PA
⇢R
NR =
⇥ NA
1 atm
NR =

(2.12)
(2.13)

where PR is the partial pressure of the halogenated precursor in the gas mixture,
and ⇢R is the vapour pressure of the halogenated precursor.
The reactor gas flow velocity (v) through the reactor’s cross-sectional area (a) is
calculated using Equation 2.14 where the total volumetric flow rate at non-standard
conditions (Q⇤total ) is provided by Equation 2.15
v=

Q⇤total
a

(2.14)
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(2.15)

where Tref and Pref are the reference temperature and pressure for the sccm unit
(standard cm3 min 1 ).a
An example calculation is provided below at 25 C (298.15 K) and 4 Torr with
a mass flow rate of 100 sccm and reactor diameter of 1.05 cm.

Q⇤total = Qtotal ⇥

Pref
Ttotal
⇥
Ptotal
Tref

= 100 sccm ⇥

760 Torr
298.15 K
⇥
4.00 Torr 273.15 K

= 20 700 cm3 min
= 346 cm3 s

(2.15)

1

1

The reactor is cylindrical with a diameter of 1.05 cm therefore, a = 0.866 cm2
a = ⇡r2

(2.16)

=⇡⇥

✓

1.05 cm
2

◆2

= 0.866 cm2
Substituting Q⇤total = 346 cm3 s
v = 3.99 m s 1 .
v=
=

2.2

1

and a = 0.866 cm2 into Equation 2.14 returns

Q⇤total
a

(2.14)

346 cm3 s 1
0.866 cm2

= 399 cm s

1

= 3.99 m s

1

Ion Trap Mass Spectrometry

Distonic radical cation experiments conducted using ion-trap mass spectrometry
at the University of Wollongong are described in Chapters 3 and 5. A schematic
of the Thermo Fisher Scientific LTQ linear quadrupole ion trap mass spectrometer
a

MKS Instruments define “standard” to be referenced to 0 C and 760 Torr.
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utilised in these experiments is included in Figure 2.4. The following section provides
a detailed description of the methodology for kinetic data analysis.

Source
ESI
Interface
source

Ion Guides

Linear Ion
Trap

Nd:YAG

Quartz
Window

λ = 266 nm

Figure 2.4. Schematic illustration of the modified Thermo Fisher Scientific LTQ
linear quadrupole ion trap mass spectrometer coupled with a Minilite Nd:YAG
pulsed laser operating in the 4th harmonic ( = 266 nm). The pressure within
the linear ion trap region is approximately 2 mTorr at 318 ± 23 K.8

2.2.1

Overview of Kinetic Data Analysis

2.2.1.1

Measuring Change in Radical Cation Quantities with Time

Reactive radical ions isolated and held within the ion trap are allowed to react with
neutral reactants fed into the ion-trap region. The reaction time is controlled by
adjusting the activation period parameter with the control software, which corresponds to a period of ion storage, while maintaining a normalised collision energy of
0% (zero percent).b At least 10 individual mass spectral acquisitions were collected
for each reaction time. Unlike conventional kinetic measurements, a new sample
of reactive radical cations is required to measure the e↵ect of each reaction time.
Automatic gain control (via ion optics and algorithms)10 is utilised to minimise signal saturation and space charge e↵ects that would otherwise a↵ect signal quality
between MS acquisitions.
The radical cation number density is not measured directly. Instead, changes
in radical cation number density with reaction time is determined from product
mass spectra with the presumption that ion signal intensity at each m/z is linearly
proportional to the ion number density.
The typical product mass spectrum at a set reaction time is the average of at
least 10 individual mass spectral acquisitions. For each mass spectral acquisition
that composes a product mass spectrum:
b

Normalised collision energy, within the linear ion trap, the RF voltage is adjusted so the
collisional energy is linearly proportional to mass-to-charge.9 Zero (0%), on this scale, means that
no additional resonant excitation is applied.
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1. the integrated ion signal is calculated by summation of heights for data points
that compose the m/z peak profile, typically a m/z range of 1 centred around
the nominal m/z
2. the peak integral is normalised to the summation of heights for all data points
that compose the mass spectral acquisition
3. and, the normalised peak integral is averaged for all mass spectral acquisition that compose a product mass spectrum to obtain the average normalised
integrated signal intensity (S)
However, for Figure 3.2 in Section 3, the product mass spectra were averaged of
at least 50 mass spectral acquisitions and the integral of the peak within the product
mass spectrum was normalised to the integral over all data points that compose the
product mass spectrum.
2.2.1.2

Pseudo-First Order and Second-Order Rate Coefficients

For a bimolecular second-order reaction between a radical cation (A) and neutral
reactant (B), the decay rate for A is represented by Equation 2.17. If [B] o [A] and
d[B]
is small compared to [B] (i.e. d[B]
⇡ 0), then k2nd [B] is approximately constant
dt
dt
0
and equated with k to provide Equation 2.18.

d[A]
= k2nd [A][B]
dt
d[A]
= k 0 [A]
dt

(2.17)
(2.18)

The average normalised integrated signal intensity for a m/z (S), described in
Section 2.2.1.1, is substituted into Equation 2.18 to obtain Equation 2.19 presuming
S is linearly proportional to radical cation number density. Subsequent rearrangement of Equation 2.19 and the integration of Equation 2.20 yields Equation 2.23,
which is simplified further to Equation 2.25.
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ln St

Z

t
0

dS
= k0S
dt
dS
= k 0 dt
S
Z t
1
dS =
k 0 dt
S
0

ln St=0 =
ln St =

k0t + k0 ⇥ 0

k 0 t + ln St=0

exp(ln St ) = exp( k 0 t + ln St=0 )
St = St=0 exp( k 0 t)

24

(2.19)
(2.20)
(2.21)
(2.22)
(2.23)
(2.24)
(2.25)

If the average normalised integrated signal intensity exhibits exponential decay
and approaches a constant non-zero value (C) attributed to an unreactive portion
of the ion population then the total average normalised integrated signal intensity
(Stotal ) is described by Equation 2.26 and 2.27, where 0  C  1 and St=0 = 1 C.

Stotal = St + C

(2.26)

Stotal = St=0 exp( k 0 t) + C

(2.27)

The pseudo-first order rate coefficient (k 0 ) is derived by fitting Equation 2.27 to
experimental data. If the concentration of the neutral reactant ([B]) is known the
second-order rate coefficient (k2nd ) is calculated with Equation 2.29.

k 0 ⇥ S = k2nd [B] ⇥ S
=) k2nd =

0

k
[B]

(2.28)
(2.29)

The importance of fitting Equation 2.27 instead of utilising a semi-log plot and
fitting Equation 2.23 is demonstrated by Figure 2.5, which shows seven hypothetical
exponential decay curves presented in two fashions. The data in Figure 2.5(a) is
described by Equation 2.27 while Figure 2.5(b) shows that semi-log plots cannot be
utilised to derive pseudo-first order rate coefficients (k 0 ) when Stotal is a↵ected by
non-zero values of C.
2.2.1.3

Reaction Efficiencies

The ion-molecule reaction efficiency ( ) from Equation 2.30 compares the experimental second-order rate coefficient (k2nd ) from Equation 2.29 to the bimolecular
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Figure 2.5. Seven hypothetical exponential decay curves are presented in two
fashions: (a) the total normalised integrated signal intensity for a given m/z
(Stotal from Equation 2.27), and (b) the natural logarithm of Stotal are plotted
against reaction time. The seven exponential decay curves were generated with
k 0 = 8 s 1 , varying constant o↵sets (0  C  1), and St=0 = 1 C so that
Stotal = 1 at t = 0 s.

collisional rate coefficient (kcollision ) for the ion-molecule collision pair. If every collision between the ion-molecule collision pair resulted in a reaction then the reaction
efficiency ( ) will equal 100%.

=

k2nd
kcollision

⇥ 100%

(2.30)

The Langevin collisional rate coefficient, kL , from Equation 2.31 provides an
estimate for kcollision in Equation 2.30.11,12 The reduced mass term (µ) is a common
factor to k2nd and kcollision , and therefore cancels out. This allows for charge-tagged
phenyl + O2 to be compared between similar reactions, e.g. ammonium-substituted
o-methylphenyl + O2 , to identify possible substituent e↵ects. Interestingly, the
phenyl oxidation reactions communicated in this thesis are typically around 5%
efficient.

kL = 2⇡e

2.3

✓

↵n
µ

◆

(2.31)

Computational Chemistry

Quantum chemical calculations were conducted using Gaussian 091 to determine
reaction enthalpies at 0 K, frequency of molecular vibrational modes, and adiabatic
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ionisation energies (AIE). The methods utilised for each investigation are identified
within the relevant chapters and include: G3SX(MP3)13 and G3X-K14 composite
methods, M06-2X DFT15 with 6-311++G(d,p) basis set, and the CBS-QB3 complete
basis set method.16,17 Each can reproduce DBH24/08 barrier heights18 to within 1
kcal mol 1 except for CBS-QB3 (mean absolute error of 1.62 kcal mol 1 ). For CBSQB3, errors in AIEs are excepted to within 0.1 eV and 1.1 kcal mol 1 for enthalpies
of formation ( Hf ).17
Stationary points located an potential energy surfaces were classified as minima with no imaginary frequencies, or as transition states with a single imaginary
frequency whose normal mode projection approximates motion along the reaction
coordinate. Intrinsic reaction coordinate (IRC) analyses19 were conducted to assign
transition states between two minima.
Reaction enthalpies were calculated as the di↵erence in zero-point corrected energies between a stationary point and some reference point on the potential energy
surface, e.g. the energy of the reactants at infinite separation. The adiabatic ionisation energies (AIEs) for plausible reaction products were calculated as the energy
di↵erence between the product (P) and the cation produced from photoionisation
(P •+), both in their ground vibrational state.
In Chapter 5, utilising the MultiWell suite of programs,20–22 a preliminary
RRKM analysis is conducted to compare pathways for the o-hydroxyphenyl + O2
reaction. DenSum, from the MultiWell suite, uses the Stein-Rabinovitch extension23
of the Beyer-Swinehart algorithm24 to compute both the sum and density of states
necessary for this analysis. This requires computed geometries and normal mode
frequencies.
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Abstract

The reactions of distonic 4-(N,N,N -trimethylammonium)-2-methylphenyl and 5(N,N,N -trimethylammonium)-2-methylphenyl radical cations (m/z 149) with O2 are
studied in the gas phase using ion-trap mass spectrometry. Photodissociation (PD)
of halogenated precursors gives rise to the target distonic charge-tagged methylphenyl radical whereas collision-induced dissociation (CID) is found to produce unreactive radical ions. The PD generated distonic radicals, however, react rapidly
with O2 to form [M + O2 ] •+ and [M + O2 - OH] •+ ions, detected at m/z 181 and
m/z 164, respectively. Quantum chemical calculations using G3SX(MP3) and M062X theories are deployed to examine key decomposition pathways of the 5-(N,N,N trimethylammonium)-2-methylphenylperoxyl radical and rationalise the observed
product ions. The prevailing product mechanism involves a 1,5-H shift in the peroxyl radical forming a QOOH-type intermediate that subsequently eliminates •OH
to yield charge-tagged 2-quinone methide. Our study suggests that the analogous
process should occur for the neutral methylphenyl + O2 reaction, thus serving as a
plausible source of •OH radicals in combustion environments.

3.2

Introduction

The study of aryl-radical + O2 reactions is fundamental to understanding combustion chemistry due to the prevalence of aromatic hydrocarbons in liquid transportation fuels. Considerable work has been performed on the phenyl radical (C6 H5 .) and
its reactions with O2 .1–10 Notably, phenyl oxidation does not follow the ROO !
QOOH isomerisation route often encountered when rationalising hydrocarbon radical oxidation;11 instead, more elaborate peroxyl radical isomerisation channels are
accessed. For substituted phenyl radicals there remains significant uncertainty
around the key mechanisms and dominant reaction products in their oxidation.
Toluene (C6 H5 CH3 ) is utilised in transportation fuels at high levels because of
its high energy density and research octane number12,13 and is also an intermediate
in schemes of polycyclic aromatic hydrocarbon (PAH) and soot formation.14 The
primary combustion intermediate associated with toluene is generally considered
to be the benzyl radical (C6 H5 CH2 • ), rather than methylphenyl radical isomers
(C6 H4 CH3 • ), due to the relatively large di↵erence in C-H bond dissociation energies
for methyl (ca. 90 kcal mol 1 ) and ring (ca. 113 kcal mol 1 ) hydrogens.15 Despite the
di↵erence in bond dissociation energies, abstraction reactions by reactive free radicals are expected to provide significant yields of methylphenyl radicals; for instance
at 1000 K the product branching ratio for methylphenyl and benzyl radicals by
•
OH abstraction reactions is close to 1:3, increasing to 1:2 at 2000 K.16 The toluene
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C-CH3 bond scission, yielding the phenyl radical, is also significant during thermal
decomposition: 20% at 1200 K, and 40% at 1500 K.17 Likewise, decomposition of
poly-methyl substituted benzenes, such as ortho-xylene, can produce methylphenyl
radicals.18,19 Isomerisation of the methylphenyl radical to benzyl radical is generally competitive under high-temperature combustion conditions, however lifetimes
of methylphenyl species near autoignition temperatures (⇠1000 K) are such as to
permit bimolecular reactions with O2 .19,20 Despite their plausible contribution in
combustion environments, the methylphenyl + O2 reaction has received relatively
little attention. One computational study has suggested that the 2-methylphenyl +
O2 reaction is substantially di↵erent from that of the unsubstituted phenyl radicals,
in which formation of 2-quinone methide + •OH is thought to compete (via a process shown in Scheme 3.1) with phenylperoxyl-type isomerisation.18 Experimental
investigation of the methylphenyl + O2 system can further the current understanding of toluene oxidation. However, identification and characterisation of reaction
intermediates and products remain a challenge. Charge-tagged derivatives of the
methylphenyl radicals, i.e. the addition of a substituent with a formal charge, can
be employed via mass spectrometry to qualitatively assess dominant reaction processes. Here, we provide the first experimental evaluation of 2-methylphenyl + O2
reaction using the distonic radical ion approach.
CH3

CH3
+ O2

CH 2

CH 2
OO

OOH

O
+ OH

2-methylphenyl

2-quinone methide

Scheme 3.1

Distonic ions are radical ions characterised by the spatial and electronic separation of the radical and charge site.21–23 Though the intrinsic reactivity of the radical
may be perturbed to some degree by the presence of a near-by charge,24 studies on
distonic radical ions undertaken using mass spectrometry nonetheless provide useful
information on the reactions of their neutral counterparts.24–27 A distonic radical
ion approach has previously been employed to probe the fate of peroxyl radical
intermediates; including, pyridinium-2-ethylperoxyl radical cation,28,29 N -methylpyridinium-4-peroxyl27,30 and 4-(N,N,N -trimethylammonium)phenylperoxyl radical
cation,27,31,32 in addition to 4-(N,N,N -trimethylammoniummethyl)phenylperoxyl, 3(N,N,N -trimethylammonium)phenylperoxyl, and 4-ammoniumphenylperoxyl radical
cations.32 In each case, these distonic studies provided insight into the reactivity of
the neutral radical analogue.
In this report we investigate the gas-phase synthesis and oxidation of distonic
2-methylphenyl radical cations. Radicals generated in a linear ion-trap mass spec-
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trometer by both photodissociation (PD) and collision-induced dissociation (CID) of
suitable halogenated precursors are compared and the dehalogenated radical cations
are characterised by reactions with O2 . CID generated radical cations are found to
exhibit low reactivity with O2 on the timescale of the experiment (up to 10 s) suggesting that CID results in concomitant isomerisation, forming an unreactive radical
ion isomer. In contrast, the PD generated radical cations readily react with O2 to
form the peroxyl radical that is followed by a H-atom shift and •OH elimination,
consistent with the formation of charge-tagged 2-quinone methide product. This
reaction scheme is supported by quantum chemical calculations.

3.3
3.3.1

Experimental
Materials

4-Bromo-3-methylaniline (97%), 3-bromo-4-methylaniline (98%), and methyl iodide
(99.5%) were purchased from Sigma Aldrich (Milwaukee, USA). 3-Iodo-4-methylaniline (98%) was purchased from Alfa Aesar (Ward Hill, USA). 4-(Dimethylamino)benzyl
alcohol was purchased from TCI Chemicals (Tokyo, Japan). Acetonitrile, ethyl acetate, methanol (HPLC grade), petroleum ether and potassium carbonate (anhydrous)
were purchased from Ajax (Sydney, Australia). Industrial grade O2 was obtained
from BOC gases (Sydney, Australia). All commercial compounds were used without
additional purification.
4-Bromo-N,N,N,3-tetramethylbenzenaminium (4Br3Me), 3-bromo-N,N,N,4-tetramethylbenzenaminium (3Br4Me) and 3-iodo-N,N,N,4-tetramethylbenzenaminium
(3I4Me) iodide salts were synthesised by N -methylation of the corresponding primary
amines listed above using a method previously described31 with modifications detailed in Section 3.7.1 of the Supporting Information. 4-Iodomethyl-N,N,N -trimethylbenzenaminium (4IMe) iodide was synthesised from 4-(dimethylamino)benzyl
alcohol by N -methylation31 followed by iodo-dehydroxylation.33 Synthesised compounds were characterised by 1 H NMR, data provided in Section 3.7.2.

3.3.2

Mass Spectrometry

Experiments were performed on a modified Thermo Fisher Scientific LTQ linear
quadrupole ion-trap mass spectrometer (San Jose, USA)34 fitted with an IonMax
electrospray ionisation source operated in positive ion mode (+ESI) and controlled
by Xcalibur 2.0 software. Ions were generated by infusing 5-15 µM methanolic solutions of 4-bromo-N,N,N,3-tetramethylbenzenaminium (4Br3Me), 3-bromo-N,N,N,4tetramethylbenzenaminium (3Br4Me), 3-iodo-N,N,N,4-tetramethylbenzenaminium
(3I4Me), and 4-iodomethyl-N,N,N -trimethylbenzenaminium (4IMe) iodide salts

Chapter 3. Distonic o-Methylphenyl Radical + O2

34

into the electrospray ion source at 5 µL min 1 . Typical instrumental settings were:
spray voltage (4.5 kV), capillary temperature (200 C), sheath gas flow at 5 (arbitrary
units), sweep and auxiliary gas flow at 10 (arbitrary units). Ions were mass-selected
using an isolation window of 5–6 Th for 4Br3Me and 3Br4Me, and 1–2 Th for
3I4Me and 4IMe with a q-parameter of 0.250. Mass spectra presented herein are
the average of at least 50 scans. In CID experiments, the normalised collision energy
applied was typically 20–30 (arbitrary units) with an activation time of 30 ms set
within the control software.
3.3.2.1

Photodissociation (PD)

The modifications to the ion-trap mass spectrometer allowing optical access to
trapped ions are similar to those previously reported35,36 and are described in detail
elsewhere.37,38 Briefly, a 10 mm aperture was milled into the removable backplate
of the vacuum chamber. A 2.75 inch quartz viewport was mounted over the aperture with a CF flange. At the beginning of a MSn ion activation step, the mass
spectrometer transmits a TTL-signal to a digital delay generator that subsequently
triggers a Nd:YAG laser (operating on the 4th harmonic, = 266 nm) such that
only a single laser pulse is generated per duty cycle. The = 266 nm laser pulse (ca.
30 mJ cm 2 ) is transmitted through the quartz window and 2 mm orifice centred
on the back lens of the ion-trap assembly allowing for PD of isolated ionic species.
3.3.2.2

Ion-Molecule Reactions

O2 is present in background concentrations due to the use of an atmospheric pressure
ionisation source. Typically, N2 is used as the nebulising gas within the ionisation
source, however, to increase the background O2 concentration, O2 can be used instead. The O2 concentration (molecule cm 3 ) within the ion trap region was derived
by following the 4-(N,N,N -trimethylammonium)phenyl radical + O2 reaction kinetics, which has a known second-order rate coefficient (k2nd ) of 2.8 ⇥ 10 11 cm3
molecule 1 s 1 .31 The O2 concentration within the ion trap was measured at 2.2
⇥ 109 molecule cm 3 for background O2 with the standard nitrogen nebuliser gas,
and 8.6 ⇥ 109 molecule cm 3 with O2 used as the nebuliser gas.
The stoichiometric excess of O2 , by many orders of magnitude, established
pseudo-first order kinetic behaviour with reactive ions.34,39 The temperature within
the ion trap was previously measured at 307 ± 1 K39,40 and is used as the e↵ective temperature for ion-molecule reactions herein. This is consistent with recent
measurements by Donald et al. of 318 ± 23 K.41 Reaction times of 0.030–10 s were
achieved by setting the activation time parameter with the control software while
the normalised collision energy was maintained at 0 (arbitrary units).42 Measured
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pseudo-first order (k) and second-order (k2nd ) rate coefficients were extracted from
the slope of a semi-logarithmic plot of normalised abundance against reaction time.
Statistical errors in rate measurements were typically 2 < 5%, where
is
the standard deviation obtained from the least-squares fit to the pseudo-first order
decay. Systematic uncertainty in the ion-trap pressure and O2 concentration, and
the formation of neutrals or ions with a m/z less than the low mass cut-o↵ (ca. 50
Th) result in a upper limit of 50% uncertainty in second-order rate coefficients (k2nd ).
Reported reaction efficiencies are calculated from the second-order rate coefficient
as a percentage of the reactants’ collision frequency derived from average dipole
orientation (ADO) theory.43

3.3.3

Quantum Chemical Calculations

Electronic structure calculations were performed using both the M06-2X/6-311++G(d,p)
density functional theory44 and G3SX(MP3) composite method,45 in the Gaussian
09 program.46 All stationary points were characterised as either minima (no imaginary frequencies) or transition states (one imaginary frequency). All reported
energies are at 0 K and include zero-point energy corrections. The selected theoretical methods are capable of reproducing well-defined test set barrier heights to
within 1.5 kcal mol 1 , on average.45,47

3.4
3.4.1

Results and Discussion
Synthesis of Distonic 2-Methylphenyl Radical Cations

Two synthetic routes for the production of radical cations within the linear iontrap mass spectrometer were compared: laser photodissociation (PD) and collisioninduced dissociation (CID). Methanolic solutions of the precursor iodide salts were
infused via positive electrospray ionisation (+ESI) to yield the M+ ions at m/z 228
and 230 for the brominated (4Br3Me and 3Br4Me), and m/z 276 for the iodinated
(3I4Me and 4IMe) precursor ions, as listed in Table 3.1.
Isolation and subsequent PD of the M+ ions listed in Table 3.1 resulted in
m/z 149 product ions consistent with the loss of the halogen atom (Section 3.7,
Figure 3.4). PD of the brominated precursors 4Br3Me and 3Br4Me resulted also
in [M - Br - 15] •+ signal at m/z 134 and [M - CH3 ]+ signal at m/z 213 and 215.
In the case of PD of the iodinated precursors 3I4Me and 4IMe, m/z 134 is also
apparent and likely corresponds to [M - I - CH3 ] •+.
The dominant product observed after CID of 4Br3Me, 3Br4Me, and 3I4Me
was the [M - 15] •+ ion at m/z 213 and 215 for the brominated species (both Br
isotopes), and m/z 261 for 3I4Me. These odd-electron processes are consistent
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Table 3.1. Distonic radical precursor ions [M] + introduced by +ESI of methanolic solutions of the corresponding salt.
Precursor ions [M] +
4-bromo-N,N,N,3-tetramethylbenzenaminium cation
(m/z 228 and 230)

Structure
N(CH 3)3

Abbreviation
4Br3Me

CH 3
Br

3-bromo-N,N,N,4-tetramethylbenzenaminium cation
(m/z 228 and 230)

N(CH 3)3

3Br4Me

Br
CH 3

3-iodo-N,N,N,4-tetramethylbenzenaminium cation
(m/z 276)

N(CH 3)3

3I4Me

I
CH 3

4-(iodomethyl)-N,N,N -trimethylbenzenaminium cation
(m/z 276)

N(CH 3)3

4IMe

H
H 2C

I

with •CH3 loss from the trimethylammonium charge tag of the respective M+ ions.
A minor ion signal at m/z 149 is assigned to ejection of the halogen. In contrast,
CID of 4IMe resulted predominately in the m/z 149 and 134 ions, assigned as loss
of I• followed by elimination of a methyl radical from the charge tag, respectively.
Activation of 4Br3Me, 3Br4Me, 3I4Me, and 4IMe ions by both PD and
CID resulted in formation of m/z 149 ions with varying efficiencies. PD of the
4Br3Me, 3Br4Me, and 3I4Me halogenated precursors resulted in significantly
higher abundances of the putative distonic radical ion (ca. 25–45%) than CID (ca.
<2%). In contrast, CID of the 4IMe ion resulted in a notably higher abundance of
the m/z 149 ion (ca. 90%) than that observed for the PD route (ca. 10%). In each
case, the m/z 149 ion population was isolable and probed by reactions with O2 .
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Figure 3.1. PD (left panel) and CID (right panel) mass spectra of 4Br3Me (a
and b), 3Br4Me (c and d), 3I4Me (e and f) and 4IMe (g and h) isolated for a
period of 2 s in the presence of background O2 . Trace ions at m/z 164 and 181
observed in (g) are likely the result of contamination by isomeric distonic radical
cations.

3.4.2

Charge-Tagged 2-Methylphenyl + O2

The m/z 149 ions generated by PD and CID of 4Br3Me, 3Br4Me, 3I4Me and
4IMe were isolated and allowed to react with background O2 over time periods of
0.030–10 s. Mass spectra measured with a reaction time of 2 s are provided in Figure
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3.1. Second-order rate coefficients (k2nd ) were derived and are discussed below in
Section 3.4.2.1. Isolation of m/z 149 ions, generated by PD of 4Br3Me, 3Br4Me,
and 3I4Me, in the presence of background O2 resulted in a small [M + 32] •+
product ion signal at m/z 181, consistent with the formation of a peroxyl radical.
The dominant product observed was the [M + 15] •+ ion at m/z 164 rationalised by
O2 addition and subsequent •OH elimination, as depicted in Scheme 3.2. This is
consistent with the •OH elimination mechanism proposed in the theoretical study
of the analogous neutral 2-methylphenyl radical + O2 reaction by da Silva et al.18
(Scheme 3.1). CID of m/z 164 ions (Supporting Information, Figure 3.5) gives
rise to m/z 149, presumably the results of CH3 (15 Da) loss from the trimethylammonium charge tag. There is also a product ion consistent with CO (28 Da)
loss at m/z 136, and another at m/z 121 consistent with both loss of CH3 and CO.
The primary fragmentation pathway for the neutral 2-quinone methide is loss of
CO.48,49 A more detailed mechanism and energy schematic, including the formation
of m/z 164, will be outlined below. The reactions of m/z 149 ions with O2 , after PD
of 4IMe, yielded only traces of oxidation products likely the result of contamination
by isomeric distonic radical cations as the majority of the m/z 149 species is likely
to be the resonance stabilised benzyl radical.
CH3

CH3
+ O2

N(CH 3) 3
m/z 149

CH 2
OO

CH 2
OOH

O
+ OH

N(CH 3) 3
m/z 181

N(CH 3) 3
m/z 181

N(CH 3) 3
m/z 164

Scheme 3.2

Prolonged isolation (up to 10 s) of m/z 149 ions generated by CID of 4Br3Me,
3Br4Me, and 4IMe under the same experimental conditions [Figure 3.1 (b), (d),
and (h)] did not result in observable [M + O2 ] •+ or [M + O2 - OH] •+ product ions,
while isolation of m/z 149 ions from CID of 3I4Me resulted in only low intensity
signals at corresponding m/z ratios [Figure 3.1 (e) with ⇥5 magnification compared
to (f) with ⇥50]. The low abundance, or even absence, of the respective [M +
O2 ] •+ and [M + O2 - OH] •+ ions, when compared with analogous PD experiments,
suggests that the m/z 149 ions resulting from CID of 4Br3Me and 3Br4Me are
less reactive isomeric species born from CID-induced rearrangement. The isomerisation of phenyl-type radical cations upon CID of halogenated precursors has been
previously noted.50 Herein, PD was used for all subsequent experiments.

Distonic radicals

4-(N,N,N -trimethylammonium)-2-methylphenyl

5-(N,N,N -trimethylammonium)-2-methylphenyl

5-(N,N,N -trimethylammonium)-2-methylphenyl

4-(N,N,N -trimethylammonium)-benzyl

Precursor ions

4Br3Me

3Br4Me

3I4Me

4IMe

[O2 ]
(molecule cm 3 )
2.23 ⇥ 109
8.53 ⇥ 109
2.23 ⇥ 109
8.53 ⇥ 109
2.23 ⇥ 109
8.53 ⇥ 109
2.23 ⇥ 109
8.53 ⇥ 109

k2nd
(cm3 molecule 1 s
2.4 ⇥ 10 11
2.1 ⇥ 10 11
2.9 ⇥ 10 11
2.6 ⇥ 10 11
2.8 ⇥ 10 11
2.6 ⇥ 10 11
–
–

1)

(%)
4.1
3.7
5.1
4.5
5.0
4.6
–
–

Table 3.2. Second-order rate coefficients (k2nd , cm3 molecule 1 s 1 ) and reaction efficiencies ( ) for reactions of PD generated distonic
radicals with O2 (molecule cm 3 ). Estimated upper limit of 50% uncertainty in second-order rate coefficients. O2 collision frequency from
average dipole orientation (ADO) theory43 is 5.7 ⇥10 10 cm3 molecule 1 s 1 for all species of m/z 149.
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Figure 3.2. Semi-logarithmic plot for depletion of m/z 149 ions generated by PD
of 4Br3Me (closed circles), 3Br4Me (diamonds), 3I4Me (squares) and 4IMe
(open circles) precursors ions, in reactions with O2 ([O2 ] = 8.53 ⇥ 109 molecule
cm 3 ). Second-order rate coefficients provided in Table 3.2.

3.4.2.1

Reaction Kinetics

The reactions of PD generated m/z 149 ions with O2 were further characterised by
second-order rate coefficients (k2nd , cm3 molecule 1 s 1 ) and reaction efficiencies ( ),
reported in Table 3.2, derived from measured pseudo-first order rate coefficients at
background O2 ([O2 ] = 2.23 ⇥ 109 molecule cm 3 ) and increased O2 concentrations
([O2 ] = 8.53 ⇥ 109 molecule cm 3 ). The O2 collision frequency calculated with
average dipole orientation (ADO) theory43 is 5.7 ⇥10 10 cm3 molecule 1 s 1 for
all species of m/z 149. Pseudo-first order kinetic behaviour, as shown by a linear
semi-logarithmic plot (Figure 3.2), is observed for m/z 149 ions generated by PD of
4Br3Me, 3Br4Me and 3I4Me, implying that each of these radical ion populations
consist of only a single species.50,51 The general agreement between k2nd values for
radical ions generated by PD of 3Br4Me and 3I4Me suggests the identity of the
radical formed by = 266 nm photolysis is una↵ected by the halogen substituent
on the radical precursor. Rate coefficients for m/z 149 from PD of 3Br4Me and
4Br3Me reveal a slight, but reproducible, di↵erence in reaction rate where the
radical is at the 3- over the 4-position relative to the charge-tag, i.e., k3Br4Me >
k4Br3Me . This e↵ect could be due to small di↵erences in the electrophilicity of the
two positive distonic radical ions24,52 but overall the reaction efficiencies are very
similar to each other and to previous measurements for phenyl-type radicals. For
example, the measured reaction efficiencies in Table 3.2 are similar to those reported
by Kirk et al.31 for positively charge-tagged distonic phenyl radicals (about 5%),
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suggesting, intriguingly, that the methyl substituent, although presenting a new
reaction pathway, does not drastically alter the overall reaction efficiency. More
discussion on the reaction pathway is provided below.
The m/z 149 species generated by PD of 4IMe, expected to provide a benzylic radical ion for comparison, was unreactive on the timescale of these experiments (0.030–10 s). The addition of O2 to the neutral benzyl radical is reported
to produce a benzylperoxyl radical with a reaction exothermicity of 22 kcal mol 1 ;
however, reformation of benzyl + O2 reactants dominates at low temperatures.53
In the analogous charge-tagged benzyl radical + O2 reaction, it is expected that
upon O2 addition the vibrationally excited charge-tagged benzylperoxyl radical will
dissociate to regenerate the charge-tagged benzyl + O2 before being collisionally
deactivated in the ion trap or undergoing further unimolecular reaction.
3.4.2.2

Reaction Mechanism

Figure 3.3 depicts a potential energy diagram for the addition of O2 to the 5-(N,N,N trimethylammonium)-2-methylphenyl radical cation (generated by PD of 3Br4Me
or 3I4Me). This scheme essentially reproduces the reaction mechanism identified
in the analogous neutral system.18 Energies were calculated using the M06-2X/6311++G(d,p) (black) and G3SX(MP3) (blue) methods, reported in kcal mol 1 relative to the peroxyl radical intermediate. The ensuing discussion will refer to the
G3SX(MP3) energies.
The addition of O2 to the charge-tagged 2-methylphenyl radical (I) proceeds
without a barrier and results in a charge-tagged methylphenylperoxyl species (II)
with 46.4 kcal mol 1 activation. Figure 3.3 depicts four low-energy unimolecular reaction pathways available to the charge-tagged 2-methylphenylperoxyl radical. First, the reverse reaction reforms the distonic 2-methylphenyl radical + O2
(I); second, formation of a phenoxyl radical + O(3 P) (III); third, isomerisation to
methyloxepinoxyl species (V and VI); and fourth, the generation of charge-tagged
2-quinone methide + •OH (VIII). In the context of forming new product species,
the latter three pathways will be discussed further below.
Formation of 5-(N,N,N -trimethylammonium)-2-methylphenoxyl + O(3 P) (III)
occurs via cleavage of the peroxyl RO-O • bond. Delocalisation of the unpaired
electron is evidenced by a predicted contraction of the C-O bond from 1.392 Å in
the peroxyl to 1.235 Å in the phenoxyl, closer to that expected for a CO double
bond. The barrier for this process is calculated at 38.8 kcal mol 1 compared with
46.4 kcal mol 1 for the reactants. The O(3 P) loss mechanism would result in a
m/z 165 ion corresponding to the 16 Da mass loss. Subsequent CO loss from this
phenoxyl radical10 would result in an [M + O2 - O - CO] •+ ion at m/z 137. Neither
O atom nor CO loss product ions were observed within the detection limits of the
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experiment pointing to a lack of competitiveness for this pathway. Other accessible
pathways outcompete the O(3 P) loss channel as shown by the dominance of alternate
product channels in Figure 3.1.
The third pathway from II proceeds by ipso addition of the peroxyl radical
oxygen to the aromatic ring (TS II ! IV, 25.4 kcal mol 1 ) resulting in the dioxiranyl intermediate (IV). The sequential transition states, TS1 (37.5 kcal mol 1 ) and
TS2 (30.7 kcal mol 1 ), succeeding the dioxiranyl intermediate, represent a bifurcation54 of the potential energy surface. Following the intrinsic reaction coordinate
(IRC) from TS1, reactive species encounter a valley-ridge inflection (VRI) near
which the single reaction pathway becomes two. Past the VRI, along the developing
ridge, the second transition state (TS2) is located, which connects the charge-tagged
3-methyloxepinoxyl (V) and 7-methyloxepinoxyl (VI) species (confirmed by calculation of the IRC for TS2). Ring-opening of the dioxiranyl moiety (TS1), i.e.,
cleavage of the dioxiranyl O-O bond, has a barrier that is 8.9 kcal mol 1 less than
the chemical activation of the system. At these temperatures (ca. 307 K), we do
not expect any significant reaction flux through TS1 due to its high energy (37.5
kcal mol 1 ), thus these pathways were not extended beyond the methyloxepinoxyl
radicals (V and VI). Guided by Kirk et al.,31 it is likely the end-product species could
comprise five-membered ring products, such as a charge-tagged methyl-substituted
cyclopentadienone species but no such channels were detected in our charge-tagged
experiments. This implicates the presence of lower-energy reaction pathways not
available to the charge-tagged phenylperoxyl radical systems investigated by Kirk
et al.
The final pathway considered here leads to charge-tagged 2-quinone methide via
H-migration followed by •OH elimination. The 1,5-H shift via TS II ! VII proceeds with a 27.2 kcal mol 1 barrier (19.1 kcal mol 1 below the reactants’ energy)
and results in a hydroperoxybenzyl radical species (VII), reminiscent of a QOOH
combustion intermediate. The formation of this radical is facilitated by close proximity of the labile benzylic methyl hydrogen to the peroxyl group.18 The forward
reaction barrier of 9.4 kcal mol 1 for TS VII ! VIII is considerably less than that
for the reverse reaction (22.7 kcal mol 1 ). Thus, H atom migration and •OH elimination is energetically competitive and results in the formation of charge-tagged
2-quinone methide (VIII), consistent with the [M + O2 - OH] •+ ion detected at
m/z 164, shown in Figure 3.1 (left panel).
The G3SX(MP3) and M06-2X methods both predict, based purely on reaction
barriers, the dominance of the charge-tagged 2-quinone methide + •OH product
channel and the numbers are generally in good agreement. The greatest deviations
were observed for TS1 and TS2, with a di↵erence of 6.5 and 7.1 kcal mol 1 (Table
S2). These are perhaps more peculiar stationary points and could warrant future
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investigation. Nevertheless, both methods are in agreement that the TS1 barrier
is likely to be prohibitively high. The scheme depicted in Figure 3.3 supports the
notion that H-atom migration followed by •OH elimination is the dominant product
channel. This is in agreement with experimental data that shows charge-tagged
2-methylphenyl radicals react with O2 to eliminate •OH, forming the [M + 15] •+
ion detected at m/z 164 consistent with the charge-tagged 2-quinone methide.

3.5

Conclusions

The reaction of two distonic radical ions [4-(N,N,N -trimethylammonium)-2-methylphenyl and 5-(N,N,N -trimethylammonium)-2-methylphenyl radicals] with O2 were
successfully used to explore the 2-methylphenyl + O2 reaction. Subjecting the halogenated precursors 4Br3Me, 3Br4Me and 3I4Me to PD resulted in exclusive
formation of the distonic radical ion targets, while CID of the same precursors led
to complications due to isomerisation to an unreactive isomeric species. The distonic 2-methylphenyl radical + O2 reaction gave rise to [M + O2 ] •+ and [M + O2 OH] •+ ions from O2 addition followed by •OH elimination as the dominant oxidation
product. Second-order rate coefficients for these reactions were measured between
2.1–2.9 ⇥ 10 11 cm3 molecule 1 s 1 representing reaction efficiencies of ca. 5%.
Quantum chemical calculations are in accord with our experimental observations,
where H migration and •OH elimination, via the QOOH intermediate, is the minimum energy pathway and should thus dominate product formation. The proposed
generation of the charge-tagged 2-quinone methide suggests similar processes may
occur in the neutral system and therefore serve as a •OH radical source for further
radical chemistry in reactive environments
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3.7
3.7.1

Supporting Information
Methylation of Halogen-Substituted Methylaniline

The 4-iodomethyl-N,N,N -trimethylbenzenaminium, 3-iodo-N,N,N,4-tetramethylbenzenaminium, 3-bromo-N,N,N,4-tetramethylbenzenaminium and 4-bromo-N,N,N,3-tetramethylbenzenaminium iodide salts were synthesised using a modified procedure previously reported by Kirk et al. for the synthesis of 4-iodo-N,N,N,-trimethylbenzenaminium iodide.31 In brief, to a reaction vial was added halogenated aniline species
(ca. 1 mmol), 10 mL of dry CH3 OH, and CH3 I (0.7 mL, 10 mol equiv) that was
then heated at reflux for two hours. K2 CO3 (0.2 g, 1.3 mmol) was added to the
reaction vial and the solution heated at reflux for a further two hours. The solvent
was removed in vacuo and the crude product recrystallised from CH3 CN. The recrystallised solid was washed with diethyl ether and dried.

3.7.2
I

Structural Characterisation

N(CH3)3

CH3
Br

4-bromo-3-methyl-N,N,N-trimethylbenzenaminium iodide. 1 H NMR (300
MHz, D2 O): 2.49 (s, 3H), 3.64 (s, 9H), 7.55 (dd, 1H, J = 8.79, 3.21 Hz), 7.80
(d, 1H, J = 2.05 Hz), 7.21 (d, 1H, J = 9.07 Hz).
I

N(CH3)3

Br
CH3

3-bromo-4-methyl-N,N,N-trimethylbenzenaminium iodide. 1 H NMR (300
MHz, D2 O): 2.45 (s, 3H), 3.64 (s, 9H), 7.55 (d, 1H, J = 8.79 Hz), 7.72 (dd,
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8.10 (d, 1H, J = 2.93 Hz).

N(CH3)3

I
CH3

3-iodo-4-methyl-N,N,N-trimethylbenzenaminium iodide. 1 H NMR (500
MHz, DMSO-d 6 ):
8.35 (s, 1H), 7.90 (d, H, J = 7.3 Hz), 7.56 (d, 1H, J =
8.8 Hz), 3.57 (s, 9H), 2.43 (s, 3H).
I

N(CH3)3

H2C

I

3-iodo-4-methyl-N,N,N-trimethylbenzenaminium iodide. 1 H NMR (500
MHz, DMSO-d 6 ): 7.90 (d, 2H, J = 8.6 Hz), 7.67 (d, 2H, J = 8.8 Hz), 4.67 (s,
2H), 3.59 (s, 9H).

3.7.3

Supplementary Mass Spectra
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Figure 3.4. Gas-phase ions produced by ESI of 4Br3Me (a and b), 3Br4Me
(c and d), 3I4Me (e and f) and 4IMe (g and h) were isolated and activated by
PD (left panel) and CID (right panel) to generate the m/z 149 ions via loss of
the halogen
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Figure 3.5. CID of m/z 164 ions generated via PD of 3-bromo-4,N,N,N -tetramethylbenzenaminium (3Br4Me) and subsequent isolation of the resultant m/z
149 ions for 10 s in the presence of background O2 . Peaks at m/z 149 (15 Da
loss), 136 (28 Da loss), and 121 (43 Da loss) are consistent with loss of CH3 , CO,
and both CH3 and CO, respectively.48,49

Chapter 3. Distonic o-Methylphenyl Radical + O2

49

Table 3.3. Comparison of M06-2X/6-311++G(d,p) and G3SX(MP3) energies
presented in kcal mol 1 relative to the initial intermediate (II) for the chargetagged 2-methylphenyl + O2 reaction.
Structure

I
II
III
TS II!IV
IV
TS1
TS2
V
VI
TS II!VII
VII
TS VII!VIII
VIII

3.8

M06-2X/6311++G(d,p)
(kcal mol 1 )
42.96
0.00
37.52
28.86
19.50
44.00
37.77
-41.66
-46.50
28.65
4.72
14.88
1.46

G3SX(MP3)
(kcal mol 1 )

Di↵erence
(kcal mol 1 )

46.37
0.00
38.83
25.38
16.02
37.51
30.65
-42.40
-47.02
27.23
4.51
13.91
-3.96
Average
di↵erence

3.41
0.00
1.31
3.48
3.48
6.49
7.12
0.74
0.52
1.42
0.21
0.97
5.42
2.7

Corrections

Corrections for ‘Hydroxyl radical formation in the gas phase oxidation of distonic
2-methylphenyl radical cations’ by Matthew B. Prendergast et al., Phys. Chem.
Chem. Phys., 2013, 15, 20577–20584.
Page, paragraph, line and figure numbers reference the publication reproduced as
Appendix A. Corrections are implemented in this Chapter 3.
Erratum in page 20582, paragraph 4 of Section 3.2.2, line 11:
– “methyloxepinoxy” should read “methyloxepinoxyl”
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Chapter 4
Neutral
o-Methylphenyl Radical + O2
4.1

Introduction

Toluene and multiply-methylated benzene additives improve fuel octane numbers,1
i.e. inhibit unintended autoignition in spark-ignition engines.
In combustion environments these methylated benzenes may undergo H-atom
abstraction by OH radicals to produce methylphenyl and benzyl radicals.2 The omethylphenyl radical is also implicated in the oxidation of o-xylene at 1155 K,3 and
benzyl decomposition.4,5
The isomerisation of o-methylphenyl radical to benzyl radical is reported at 43.1
kcal mol 1 (180 kJ mol 1 ) with a reverse barrier of 64.6 kcal mol 1 (270 kJ mol 1 ).6
Theoretical work on this isomerisation suggests that lifetimes for the o-methylphenyl
radical at temperatures <1000 K is sufficient for bimolecular reactions.7 Available
O2 could intercept the o-methylphenyl radical at temperatures relevant to low temperature combustion to form o-methylphenylperoxyl and subsequently decompose.
The activated reactions of m- and p-methylphenyl + O2 result in formation of
m- and p-methylphenoxyl + O(3 P),8–10 which is understood by applying phenyl-like
oxidation mechanisms11,12 to substituted phenyl radicals. Similarly, the formation
of methyloxepinoxyl radicals is anticipated at lower temperatures (<900 K) or with
less activation. These two pathways are shown as pathways (i) and (ii) in Scheme 4.1
for the ortho-radical case after O2 addition. However, pathway (iii) is proposed as
the major pathway for o-methylphenylperoxyl decomposition due to the proximity
of peroxyl and methyl substituents.13
An experimental study of trimethylammonium-methylphenyl radical oxidation,14
an analogue for o-methylphenyl radical oxidation, revealed evidence supporting the
appearance of o-quinone methide via a QOOH radical intermediate as proposed by
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da Silva et al.,13 i.e. pathway (iii) in Scheme 4.1. The mechanism is similar to that
for o-hydroxyphenyl + O2 forming o-benzoquinone + OH via a QOOH-like phenoxyl radical,15 which is likened to the Waddington mechanism for -hydroxyperoxyl
radicals.16–18
We report the gas-phase oxidation of o- and m-methylphenyl radicals using
synchrotron-based multiplexed photoionisation mass spectrometry (MPIMS). This
work builds on framework provided by a previous computational study13 and experimental investigation of distonic analogues for o-methylphenyl + O2 .14 The reactions of both o- and m-methylphenyl radicals result in various products with two
di↵erences: the detection of m/z 80 and 106 ions from o-methylphenyl + O2 . Computational chemistry calculations show competition between pathways (ii) and (iii)
for o-methylphenyl + O2 while an analogous pathway (iii) for m-methylphenyl +
O2 is deemed inaccessible.

4.2
4.2.1

Experimental
Multiplexed Photoionisation Mass Spectrometry

The o-methylphenyl + O2 reaction was investigated using multiplexed photoionisation mass spectrometry19,20 with synchrotron radiation from the Chemical Dynamics
Beamline21–23 at the Advanced Light Source (ALS) synchrotron, Lawrence Berkeley
National Laboratory (USA). The apparatus comprised a quartz slow-flow tube reactor, di↵erentially pumped vacuum chamber, and an orthogonal time-of-flight mass
spectrometer.
Photolysis of o-iodotoluene and m-iodotoluene with a pulsed KrF excimer laser
(248 nm) operating at 4 Hz and a fluence of ⇠50 mJ cm 2 was used to generate
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methylphenyl radicals within the reactor via C-I bond homolysis. The quartz reactor
is 62 cm long with an internal diameter of 1.05 cm maintained at 4 Torr (533.3 Pa)
and ambient temperatures.
Gas continuously e↵used from the reactor through a 650 µm diameter pinhole
situated 37 cm along the flow tube into a di↵erentially pumped vacuum chamber.
The e↵used gas was sampled by a skimmer to create a near-e↵usive molecular beam
that is intersected by quasi-continuous undulator vacuum-ultraviolet (VUV) synchrotron radiation. Photo-ionisable species within the molecular beam were sampled
using a 50 kHz pulsed orthogonal-extraction time-of-flight mass spectrometer.
Background subtraction the of ion signal is achieved by recording signal 20 ms
prior to the 248 nm photolysis pulse and subtracting the average of that signal
from the dataset. The synchrotron photoionisation energy was typically scanned
from 8.00 to 10.20 eV with 0.025 eV steps. Mass spectra were compiled into threedimensional arrays of mass-to-change, reaction time, and photoionisation energy.
All data presented herein are normalised for variations in the ALS photocurrent
using a NIST-calibrated photodiode (SXUV-100, International Radiation Detectors
Inc.). Signal acquired before photolysis is background subtracted from normalised
data so that only positive signal intensities are the result of laser photolysis.
Photoionisation (PI) onsets and the PI spectra are acquired by integrating a
m/z signal over a period and plotting that integrated signal as a function of PI
energy. The resulting PI spectra were normalised to an integral of one, averaged,
and presented herein. Error bars at a given photoionisation energy represent two
standard deviations (2 ) for an average of at least three measurements. The absolute photoionisation cross sections for many species assigned in this investigation
are unknown. Consequently, a quantitative comparison of product yields is not
conducted.
Iodotoluene entrained in He, O2 gas, and additional He bu↵er gas are supplied
to the reactor through separate mass-flow controllers at an overall rate of 102 sccm.
Iodotoluene vapour was entrained in He by passing He through a fritted bubbler
that contained liquid o-iodotoluene kept at 20 C (293 K) and 470 Torr (62.7 kPa)
or m-iodotoluene at 20 C (293 K) and 364 Torr (48.5 kPa). o-Iodotoluene (98%)
and m-iodotoluene (99%) were purchased from Sigma Aldrich. Vapour pressures
were approximated using Antoine parameters for o-iodotoluene.24 In experiments
with o-iodotoluene at 298 K and 4 Torr, number densities within the reactor were
approximately 1.1 ⇥ 1013 molecule cm 3 o-iodotoluene, 2.5 ⇥ 1016 molecule cm 3 O2
gas, and a total of 1.0 ⇥ 1017 molecule cm 3 He gas. In the case of m-iodotoluene,
at 298 K and 4 Torr the number densities were approximately 1.1 ⇥ 1013 molecule
cm 3 m-iodotoluene, 1.3 ⇥ 1016 molecule cm 3 O2 gas, and a total of 1.2 ⇥ 1017
molecule cm 3 He gas. Gas flow velocities and total gas flow densities at 298 K,
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4 Torr, and a flowrate of 102 sccm are calculated to be 4.1 m s 1 and 1.3 ⇥ 1017
molecule cm 3 . The collision rate for o- and m-iodotoluene with the wall of the
reactor at 298 K was estimated to be 5.49 ⇥ 1018 s 1 using an expression for the
impingement rate as detailed in the Supporting Information.

4.2.2

Quantum Chemical Calculations

Adiabatic ionisation energies (AIEs) reported in electron volts (eV) were calculated
with the CBS-QB3 composite method25,26 using Gaussian09.27 Reported enthalpies
and AIEs incorporate the zero-point energy correction.
To rationalise mechanisms for generation of detected products, enthalpies of key
reaction intermediates and transition states were calculated for o-methylphenyl +
O2 and m-methylphenyl + O2 using the G3X-K method.28 The relative reaction
enthalpies are reported in kcal mol 1 relative to the o-methylphenyl + O2 (as done
in Figure 4.4, Figure 4.6, and Figure 4.7) and m-methylphenyl + O2 (as done in
Figure 4.5, Figure 4.8, and Figure 4.9).

4.3
4.3.1

Results and Discussion
Photolysis Products of
o-Iodotoluene and m-Iodotoluene

As background measurements, product mass spectra from photolysis of o-iodotoluene
and m-iodotoluene without O2 added to the flow reactor are provided in Figure 4.10
in the Supporting Information. The major product peaks at m/z 90 and 92 are assigned fulvenallene29 and toluene30 by comparing experimental photoionisation (PI)
spectra to reference data. The production of fulvenallene is attributed to HI loss from
photodissociation of iodotoluene, by analogy to HBr loss from o-bromophenol.31
Toluene is attributed to H-atom abstraction by methylphenyl radicals from abundant iodotoluene.

4.3.2

Oxidation of
o-Methylphenyl and m-Methylphenyl Radicals

Figure 4.1a and Figure 4.1b are product mass spectra resulting from 248 nm photolysis of o-iodotoluene and m-iodotoluene, respectively, in the presence of O2 added to
the reactor. These spectra are integrated over 0–80 ms after photolysis and acquired
with a photoionisation energy of 10.2 eV at ambient temperature. Isomerisation of
thermalised methylphenyl radicals to the benzyl radical at temperatures <1000 K

Chapter 4. Neutral o-Methylphenyl Radical + O2

59

Figure 4.1. Product photoionisation mass spectra at 10.2 eV integrated 0–80
ms after 248 nm photolysis of (a) o-iodotoluene and (b) m-iodotoluene in the
presence of O2 at ambient temperature.

is calculated to be sufficiently slow to allow the methylphenyl + O2 reaction.7 Compared with the background measurements in Figure 4.10, all new product ion signals
in Figure 4.1 were attributed to methylphenyl + O2 reactions. From both Figure
4.1a and Figure 4.1b, the major oxidation product ion signals are present at m/z 66,
67, 70, 80, 94, 106, 108, and 122. The most notable di↵erence between Figure 4.1a
and Figure 4.1b is the m/z 80 and 106 ion signals in Figure 4.1a for o-methylphenyl
+ O2 are absent in Figure 4.1b for m-methylphenyl + O2 . Also, the m/z 67 ion
intensity is significantly diminished for Figure 4.1b compared to Figure 4.1a while
the inverse is true for m/z 108 signal. These signals are consistent with C5 H7 or
C4 H3 O (67 Da), C5 H4 O (80 Da), and C7 H6 O (106 Da).
The combination of MPIMS with tuneable synchrotron radiation19,20 provides a
means to measure PI spectra by acquiring photo-ion signal intensity as a function
of photon energy. The onset of photoionisation can be used to identify isomers
with known adiabatic ionisation energies (AIE) and PI spectra can be compared
with reference PI spectra (when available) to assign reaction products. Quantifying
product branching fractions requires absolute PI cross sections. Unfortunately, the
absolute PI cross sections for many products relevant to o- and m-methylphenyl +
O2 reactions are unknown and this prohibits any quantitative comparison of absolute
product yields.
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m/z 106 via the o-Methylphenylperoxyl Radical

Figure 4.2. The PI spectrum for m/z 106 from o-methylphenyl + O2 at ambient
temperatures (empty red circles) integrated 0–80 ms after photolysis. Vertical
error bars represent 2 deviation for an average of three PI spectra. An integrated
He(I) photoelectron spectrum for o-quinone methide (Eck et al.)32 is shown.

Figure 4.2 shows the PI spectrum for m/z 106 with an onset at 8.75 eV that
agrees with the calculated adiabatic ionisation energy (AIE) at 8.7 eV for o-quinone
methide (o-QM, C7 H6 O). The o-QM species is reactive33,34 and not suitably stable
to obtain a reference PI spectrum. For some comparison, an integrated He(I) PE
spectrum for o-QM,32 that was generated in situ, is shown in Figure 4.2. The
m/z 106 PI spectrum in Figure 4.2 is well matched to the integrated PE spectrum
between 8.75–9.2 eV and deviates near 9.3 eV. Although PI spectra and integrated
PE spectra do not necessarily agree, this point of deviation could signify the presence
of another isomer on this m/z channel, such as p-quinone methide (p-QM, C7 H6 O).
The reference PI spectrum for benzaldehyde35 (C7 H6 O, AIE = 9.5 eV36 ) was also
considered but the co-added spectra provided a poor fit to the experimental data
between 9.3–9.7 eV and mechanistically, this product requires significant rearrangement. Cyclisation of o-quinone methide to form the bicyclic 7-oxabicyclo[4.2.0]octa1(6),2,4-triene (C7 H6 O, AIE = 8.4 eV) was not considered because its AIE is less
than the m/z 106 PI onset.
To ascertain if the m/z 106 ion signal between 8.75–10.2 eV is the result of multiple 106 Da isomers, the m/z 106 product kinetics were examined at PI energies
before and after the deviation at 9.3 eV in Figure 4.2. Figure 4.11 in the Supporting
Information shows a comparison of kinetic traces for m/z 106 integrated between
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8.8–9.2, 9.4–9.8, and 9.8–10.2 eV. These kinetic traces are all very similar and consistent with the dominant ion signal arising from the PI of one 106 Da isomer before
and after 9.3 eV in Figure 4.2 because it is reasonable to expect di↵erent kinetics in
Figure 4.11 for a new isomer appearing with an AIE 9.3 eV. Therefore, our tentative explanation of this spectrum is the o-QM is the dominant isomer and that the
deviation from the integrated PE spectrum is due to a spectroscopic photoionisation
process (e.g. a shape resonance) a↵ecting photo-ion detection but does not manifest in the fixed-energy PE spectrum. However, without reference PI spectra, the
possibility of o-QM and p-QM (or other 106 Da isomers) exhibiting similar kinetic
behaviour cannot be excluded. A p-QM product could result from isomerisation
of the 2-methylphenoxyl radical and subsequent H-atom elimination like the isomerisation between 2-methylbenzyl and 4-methylbenzyl radicals,37 or isomerisation
of o-QM to p-QM.38 Therefore, a definitive assignment remains elusive. A viable
strategy to producing o-QM for acquisition of reference PI spectra is pyrolysis of 2(methoxymethyl)-phenol or methylanisole39,40 using a heated silicon carbide reactor
coupled to a MPIMS instrument.41,42
A mechanism proposed for the formation of o-QM from o-methylphenyl + O2 is
reported13 and described later in Section 4.3.3. After O2 addition to o-methylphenyl
radical, the proximity of the methyl and peroxyl groups facilitates a 1,5-H atom shift
between the groups and subsequently, OH is eliminated from the QOOH intermediate.43 Experimental investigations into the oxidation of distonic o-methylphenyl
radical ions support the proposed mechanism.14 This pathway is unlikely for mmethylphenyl + O2 as the H-atom shift would require substantial deformation of
the phenyl ring.
4.3.2.2

m/z 80 via an Oxepinoxyl Radical

Figure 4.3 shows the m/z 80 PI spectrum and a PI spectrum for cyclopentadienone
(C5 H4 O, AIE = 9.41 eV44 ) from the phenyl + O2 reaction.41 The PI onsets and
spectra are well matched and therefore, the m/z 80 ion signal is assigned to cyclopentadienone. As shown later in Figure 4.6, the formation of cyclopentadienone
is rationalised via 7-methyl-oxepinoxyl radical decomposition and loss of CH3 CO.
There are weak ion signals (.4%) at m/z 43, 42, and 58 consistent with acetyl radicals (CH3 CO, AIE = 8.05 ± 0.17 eV),36 and CH3 CO oxidation products:45 ketene
(CH2 CO, 42 Da) and C• H2 (C – O)O• (58 Da). Extracting PI spectra is difficult
given the low signal intensity, however.

ion intensity (arb. units)
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m/z 80 PIS from
o-methylphenyl + O2
Parker et al. (873 K)
Parker et al. (1003 K)
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Figure 4.3. Average PI spectrum for m/z 80 from o-methylphenyl + O2 at
ambient temperatures (empty red circles) integrated 0–80 ms after photolysis.
Vertical error bars represent 2 deviation for an average of three PI spectra.
PI spectra for cyclopentadienone (Parker et al.)41 at 873 K (dotted purple line)
and 1003 K (solid black line) are shown and are well matched to the m/z 80 PI
spectrum.

4.3.2.3

m/z 94 via an Oxepinoxyl Radical

A m/z 94 signal is present in both Figure 4.1a and Figure 4.1b, with a PI onset for
both o- and m-methylphenyl + O2 reactions at 8.85 eV. This immediately excludes
phenol as a contributor to ion signal because its ionisation onset is 8.508 ± 0.001
eV.36,46 The m/z 94 PI spectra from o- and m-methylphenyl + O2 included in
Figure 4.12 are matched near the onsets at 8.85 eV but deviate near 9.00 eV. The
8.85 eV onset is consistent with the calculated AIE for 2-methylcyclopentadienone
(AIE = 8.9 eV). The deviation near 9.00 eV is consistent with the later PI onset
of 3-methylcyclopentadienone (AIE = 9.1 eV) or cyclohexa-2,4-dienone (AIE = 9.1
eV) formed as an additional product in the m-methylphenyl + O2 case.
4.3.2.4

m/z 108 via the Phenoxyl Radical

The m/z 108 PI spectra from the o-methylphenyl + O2 and m-methylphenyl + O2
reactions are well matched. The PI spectra feature an onset at 8.2 eV and a sharp
onset near 9.9 eV that are consistent with the integrated PE spectra for cresols47 and
the sharp PI onset for p-benzoquinone (AIE = 9.96 ± 0.01 eV).36,48,49 The presence
of o-benzoquinone (AIE = 9.2 eV) needs to also be considered.
Figure 4.13 shows the m/z 108 PI spectrum from m-methylphenyl + O2 is well
matched to the integrated PE spectrum for m-cresol47 between 8.2–9.2 eV. The 7–12
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eV PE spectra reported for o-, m-, and p-cresol isomers have similar PI onsets and
spectral features, particularly between 8–10.2 eV,47 which frustrates the assignment
of the individual cresol isomers.
Cresol formation is rationalised by O2 addition to the methylphenyl radical,
O(3 P) loss from the peroxyl adduct, and intermolecular H-atom abstraction by the
methylphenoxyl radical. The first-order rate coefficient appearance of m/z 108 from
o- and m-methylphenyl + O2 is 500 ± 70 (1 ) s 1 and 400 ± 20 (1 ) s 1 between 0–
10 ms after photolysis. As a reference rate coefficient for primary reactions, the rate
coefficient for appearance of m/z 80 ion signal is 1100 ± 200 s 1 . The relatively small
rate coefficient for appearance of m/z 108 is consistent with a secondary reaction
and cresol dominating the m/z 108 ion signal between 8.0–10.0 eV.
The appearance of o-benzoquinone (o-QM, AIE = 9.2 eV) also needs to be considered. It is noted that o-BQ undergoes dissociative ionisation at photoionisation
energies greater than 9.8 eV, which enhances ion signal at m/z 80 via loss of CO.15
The m/z 80 PI spectrum from o-methylphenyl + O2 is compared to such a↵ected
m/z 80 PI spectra from o-hydroxyphenyl + O2 (Ref. 15) in Figure 4.15. The apparent absence of an enhanced m/z 80 ion signal at PI energies >9.8 eV and the
agreement with cyclopentadienone PI spectra included in Figure 4.3 from Ref. 41
suggest that any o-benzoquinone is produced in low yields, if at all.
4.3.2.5

m/z 122 via Secondary Reactions

The m/z 122 PI spectrum from o-methylphenyl + O2 features a PI onset near 8.6
eV and a sharp onset near 9.6 eV. The weak signal between 8.6–9.6 eV from both
o- and m-methylphenyl + O2 is difficult to distinguish from noise, however. The
species contributing to the m/z 122 PI spectra in Figure 4.16 are likely secondary
products of the o- and m-methylphenyl + O2 reactions. The appearance of m/z
122 ion signal at 10.2 eV is approximately 200 s 1 between 0–10 ms. This is even
slower than the appearance rate of m/z 108 signal (Section 4.3.2.4) so it is concluded
that m/z 122 is not a primary reaction product. The AIEs for a range of C7 H6 O2
isomers were calculated and listed in Table 4.2. The hydroxy-1,2-quinone methide
and methide oxepinone isomers are unlikely to be present because their AIEs are
<8.6 eV. Other species in Table 4.2 have calculated AIEs between 8.6–10.2 eV and
2-hydroxy-benzaldehyde is the most stable by approximately 20–30 kcal mol 1 . The
weak m/z 122 signal, and absence of a reference PI spectra for plausible assignments,
leave the m/z 122 ion signal unassigned.
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m/z 66, 67 and 70

In Figure 4.1a and Figure 4.1b, there are peaks at m/z 66, 67, and 70 in Figure
4.1 that are consistent with C5 H6 , C5 H7 , and C5 H10 (or C4 H6 O), respectively. For
o-methylphenyl + O2 , the ions appear at a kinetic rate of 1500 ± 300 s 1 for m/z
66, 510 ± 40 s 1 for m/z 67, and 1000 ± 100 s 1 for m/z 70. When compared to
the appearance of m/z 80 (1100 ± 200 s 1 ), a reference for primary reactions, these
rate coefficients suggests that m/z 66 and 70 are primary reaction products and m/z
67 is not.
The appearance of m/z 66, 67, and 70 is attributed to decomposition of a highly
activated methyloxepinoxyl radical. Pathways to these smaller fragment products
were not investigated in detail here. The m/z 66 PI spectra are included in Figure 4.17. The PI spectrum from o-methylphenyl + O2 is well matched to a PI
spectrum for cyclopentadiene50 (C5 H6 , AIE = 8.57 ± 0.01 eV).51 However, the m/z
66 PI spectrum from m-methylphenyl + O2 shows systematic deviation from the
cyclopentadiene PI spectrum around 9.4 eV. Cyclopentadiene could result from decomposition of methyloxepinoxyl radicals into cyclopentadiene + HCOCO with a
relative reaction enthalpy of -57.4 kcal mol 1 . The m/z 67 PI spectrum from both oand m-methylphenyl + O2 reactions are well matched with each other in Figure 4.18,
with an initial onset near 8.6 eV. H-atom addition to cyclopentadiene is an unlikely
pathway to C5 H7 (67 Da) because the calculated AIEs for 2-, and 3-cyclopentenyl
radicals are <8.6 eV, as listed in Table 4.1, and m/z 66 kinetic curves did not show
signal decay. For m/z 70, in Figure 4.19, the PI onset is consistent with the calculated AIE for methyl-vinyl-ketone (AIE = 9.7 eV). The 70 Da ion precursor may
result from decomposition of methyloxepinoxyl radicals with CCCHO or HCCCO
fragments.

4.3.3

Computational Investigation of Methylphenyl + O2

Potential energy schemes were calculated using the G3X-K method28 to assist the
rationalization of experimental results and comparisons between the o- and mmethylphenyl + O2 reaction systems. All reaction enthalpies are reported in kcal
mol 1 relative to the respective entrance channel (o1 for o-methylphenyl + O2 and
m1 for m-methylphenyl + O2 ). Dashed lines are used in the following schemes to
represent reaction coordinates where a TS is not located using the G3X-K method,
which may indicate a small or non-resistant reverse energy barrier for reaction.
A potential energy scheme for o-methylphenyl + O2 (o1) is shown in Figure 4.4
that follows the salient pathways identified in Ref. 13. The o-methylphenylperoxyl
radical, at -47.3 kcal mol 1 , can undergo: (i) separation back to o-methylphenyl +
O2 , (ii) O(3 P) loss to produce the o-methylphenoxyl radical, (iii) isomerisation to 3-
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or 7-methyl-oxepinoxyl radicals via a bifurcated region of the reaction surface11,52
followed by numerous decomposition channels, and (iv) a intramolecular 1,5-H-atom
shift between the methyl and peroxyl substituents and subsequent OH loss to form
o-QM.
In Figure 4.5, the potential energy schematic for decomposition of m-methylphenylperoxyl (m2) is shown. The H-atom shift and OH loss pathway accessible in
the ortho-case is not included for the meta-case because the analogous H-atom shift
is 51.7 kcal mol 1 above m1, compared to a reaction enthalpy of -19.9 kcal mol 1
in the ortho-case.
Experimental study of analogous distonic o-methylphenyl + O2 reaction have
indicated that o-quinone methide (106 Da, C7 H6 O) is the dominant product for
neutral o-methylphenyl + O2 . The computational investigation suggested the 1,5H-atom shift and OH loss was the minimum energy pathway. The m/z 106 signal
in Figure 4.1 is consistent with o-quinone methide formation and is likely produced
by this 1,5-H-atom shift and OH loss mechanism (o2 to o8). The absence of the
m/z 106 product signal for m-methylphenyl + O2 reaction clearly shows that this
pathway is unique to the ortho-radical case. Energetically, in the meta-radical case,
the transition state for the 1,5-H-atom shift is 51.7 kcal mol 1 above m1.
In Figure 4.4, the rate limiting TS o2–o4 toward 3- and 7-methyloxepinoxy
radicals (o5 and o6) is 4.1 kcal mol 1 below TS o2–o7 toward o-QM + OH (o8).
This methyloxepinoxyl pathway will compete. In the case of m-methylphenyl + O2 ,
the formation of 4- and 6-methyloxepinoxy radicals (m5 and m6) dominates at low
temperatures as is the case with the phenyl + O2 reaction.53
Decomposition pathways for o5 and o6 from o-methylphenyl + O2 are shown
in Figure 4.6 and Figure 4.7, respectively. Similarly, decomposition of m5 and m6
from m-methylphenyl + O2 are shown in Figure 4.8 and Figure 4.9. These schemes
are not exhaustive. The four methyl-oxepinoxyl isomers are highly activated (95–
99 kcal mol 1 below o1 and m1) and therefore undergo decomposition to many
products.54
Decomposition of o6 in Figure 4.6 can lead to o-benzoquinone + CH3 (o6.4, not
detected) and cyclopentadienone + CH3 CO (o6.6, detected) while o5 decomposition in Figure 4.7 results in 3-methyl-1,2-benzoquinone + H (o5.4) and 2-methylcyclopentadienone + CHO (o5.6, detected), all with limiting stationary points more
than 50 kcal mol 1 below o1. Pathways from o5 and o6 are analogous, with CH3 essentially being a spectator. These schematics are in accord with the o-methylphenyl
+ O2 products detected with m/z 80, 94, 108, 122, as shown in Figure 4.1a. But,
the possibility of o-BQ contributing to the m/z 108 signal is excluded in Section
4.3.2 and attributed in part to cresol. By comparison, m5 and m6 decomposition
in Figure 4.8 and Figure 4.9 results in 3- and 4-methyl-1,2-benzoquinone + H (m6.4
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and m5.4), and 2- and 3-methyl-cyclopentadienone + CHO (m6.6 and m5.6). In
Figure 4.1b, the meta-radical case, these products are in accord with signals with
m/z 94 and 108. These four schemes rationalise the appearance of m/z 80 from
o-methylphenyl + O2 as cyclopentadienone but does not explain m/z 108, partly
assigned cresol, for both ortho- and meta-radical cases.
Figure 4.4 and Figure 4.5 show formation of o- and m-methylphenoxyl + O(3 P)
at -10.8 and -9.0 kcal mol 1 , respectively, and without a reverse energetic barrier.
The absence of a locatable stationary point between the respective methylphenylperoxyl and methylphenoxyl + O(3 P) suggests the intrinsic TS structure is close to
products along the reaction coordinate.55,56 The m/z 108 PI spectra for o- and mmethylphenyl + O2 are assigned in part to cresol species but, as mentioned earlier,
the isomers cannot be easily disentangled here. It is rationalised that, after formation, the phenoxyl radical in Figure 4.4 and Figure 4.5 abstracts a H atom to produce
what is likely o-cresol from o3 and m-cresol from m3.
As shown in Figure 4.1, the o-methylphenyl + O2 reaction results in many
products. Experiments with m-methylphenyl + O2 revealed that two peaks are
unique to the ortho-case: m/z 80 and 108. Previous study of the o-hydroxyphenyl
+ O2 reaction found that only o-BQ is produced as a primary product.15 Both
o-methylphenyl and o-hydroxyphenyl oxidation reactions were explored computationally in Gaussian 09 using the G3X-K method. For the o-hydroxyphenyl + O2
reaction, the 1,5-H atom shift and OH loss occurs with a 9.6 kcal mol 1 barrier.
This small barrier pushes the product distribution toward o-BQ + OH. As shown in
Figure 4.4, the overall barrier to the corresponding o-QM + OH is 27.5 kcal mol 1 ,
which allows reactions toward the methyloxepinoxyl radicals to compete. Looking
at the TS for the 1,5-H atom shift, the barrier for TS o2!o7 is 27.4 kcal mol 1
compared to 1.7 kcal mol 1 for the corresponding TS for the o-hydroxyphenyl + O2
reaction. For o-methylphenyl + O2 , similar reaction enthalpies for corresponding
stationary points previously reported.13
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Figure 4.4. Potential energy schematic showing four pathways for decomposition of o2. The barriers toward the methyloxepinoxyl
radicals (o5 and o6) and o-quinone methide (o8) di↵er by 4.1 kcal mol 1 . G3S-K 0 K enthalpies are reported in kcal mol 1 relative to
o1.
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Figure 4.6. Potential energy schematic for decomposition of the 7-methyl-oxepinoxyl radical (o6) from isomerisation of o2. G3X-K 0 K
enthalpies are reported in kcal mol 1 relative to o1.
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Conclusion

MPIMS experiments revealed two stark di↵erences in the numerous products from
o- and m-methylphenyl + O2 reactions: the m/z 80 and 106 signals unique to omethylphenyl + O2 . The m/z 106 signal assigned o-quinone methide is analogues
to formation of o-benzoquinone from o-hydroxyphenyl + O2 ,15 where the orthosubstituent participates in a 1,5-H shift and subsequent OH elimination.
Other reaction products are rationalised by applying conventional understanding of phenyl + O2 reaction mechanisms.11,12 Such pathways include formation of
methyl-substituted phenoxyl and oxepinoxyl radicals. Cyclopentadienone, assigned
to m/z 80, is attributed to decomposition of the 7-methyloxepinoxyl radical from
o-methylphenyl + O2 . Decomposition of 3-methyloxepinoxyl radicals likely result in
2-methyl-cyclopentadienone (94 Da). In the meta-radical case, decomposition of 4and 6-methyloxepinoxyl radicals should produce 2- and 3-methycyclopentadienone.
In accord with MPIMS experiments.
Product assignments are supported by calculated AIE and potential energy
schemes derived from quantum chemical calculations. However, m/z 122 assignment remains inconclusive. The m/z 66, 67, 70 signals attributed to decomposition
of highly activated methyloxepinoxyl radicals.
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Supporting Information
Collisions with the Reactor Wall

The collision rate per a unit of area per time was estimated using the impingement
rate from Equation 4.1; where NB is the number density of a species (molecule
m 3 ), hvi is the average velocity of the species (m s 1 ), P is its pressure, kB is the
Boltzmann constant, T is temperature (K), and m is the mass of the species.

1
Zwall = NB hvi
4
r
1 P
8kB T
=
4 kB T
⇡m
r
1
=P
2kB T ⇡m

(4.1)
(4.2)
(4.3)

The collision rate, per unit of time, expressed in Equation 4.4 is derived by
multiplying Zwall from Equation 4.1 by the internal wall area (Awall ) of the reactor
tube 37 cm above the 650 m pin hole, from where gas enters the di↵erentially pumped
vacuum chamber.

kwall = Zwall ⇥ Awall

(4.4)

= Zwall ⇥ (0.37 m ⇥ 0.0105 m ⇥ ⇡)

(4.5)

An example calculation for a He partial pressure of 429 Pa (3.22 Torr) at 298 K
at a total pressure of 4 Torr:

kHe, wall = p

P
⇥ Awall
2kB T ⇡m

=p
2 ⇥ 1.3807 ⇥ 10
= 3.99 ⇥ 1023 s

4.5.2

1

(4.6)
429 Pa ⇥ 0.0122 m2

23

JK

1

⇥ 298 K ⇥ ⇡ ⇥ 6.64 ⇥ 10

27

kg

Background Measurements (without Added O2 )

(4.7)
(4.8)

Chapter 4. Neutral o-Methylphenyl Radical + O2

Figure 4.10. Photoionisation mass spectra at 10.2 eV integrated 0–80 ms after
248 nm photolysis of (a) o-iodotoluene and (b) m-iodotoluene without O2 added
to the reactor and at ambient temperatures (approximately 303 K).

75

Chapter 4. Neutral o-Methylphenyl Radical + O2

76

4.5.3

Oxidation of o- and m-Methylphenyl Radicals

4.5.3.1

Series of Photoionisation Spectra and Kinetic Traces Comparing
O2 Reaction Products Between the o- and m-Methylphenyl +
O2 Reactions

ion intensity (arb. units)

m/z 106 kinetic trace from o-methylphenyl + O2 integrated over
8.8 to 9.2 eV
9.4 to 9.8 eV
9.8 to 10.2 eV

0

-20

0

20

40

60

80

100

120

kinetic time (ms)

Figure 4.11. Co-added m/z 106 kinetic traces integrated between 8.8–9.2 eV
(red), 9.4–9.8 eV (black) and 9.8–10.2 eV (blue) from o-methylphenyl + O2 at
ambient temperatures. The domain of the graph is time relative to the photolysis
laser pulse. The m/z 106 ion signal is shown to be a laser dependent signal and
the kinetic traces are well match over the three photoionisation energy ranges.
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Figure 4.12. Photoionisation spectra integrated 0–80 ms after photolysis for
m/z 94 from o-methylphenyl + O2 (red empty circles) and m-methylphenyl +
O2 (black empty squares), representing an average of three PI spectra with error
bars representing 2 standard deviations. The PI spectrum from o-methylphenyl +
O2 is assigned 2-methylcyclopentadiene. The PI spectrum from m-methylphenyl
+ O2 is assigned as a mixture of 2- and 3-methylcyclopentadienone.
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ion intensity (arb. units)

m/z 108 PIS from
m-methylphenyl + O2
Kobayashi et al. (1974)
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9.6

photoionisation energy (eV)

9.8

10.0

10.2

Figure 4.13. Photoionisation spectrum integrated 0–80 ms after photolysis
for m/z 108 from m-methylphenyl + O2 (black empty squares). In Figure 4.1
(main document) the relative ion intensity of m/z 108 for o-methylphenyl + O2
is near 50%, compared to 100% for m-methylphenyl + O2 . This results in a lower
signal-to-noise ratio and increased deviation around the mean. The m/z 108 PI
spectrum from o-methylphenyl + O2 is not shown though it is well matched to
the PI spectrum from m-methylphenyl + O2 . An integrated PE spectrum for mcresol (Kobayashi et al., Ref. 47) is scaled and well matched to the PI spectrum
from o-methylphenyl + O2 between 8.2–9.2 eV.

Chapter 4. Neutral o-Methylphenyl Radical + O2

ion intensity (arb. units)

m/z 108 kinetic trace from
o-methylphenyl + O2

79

m-methylphenyl + O2

0

-20

0

20

40

60

80

100

120

kinetic time (ms)

Figure 4.14. Co-added m/z 108 kinetic traces at 10.2 eV and ambient temperatures. The traces, timed relative to the photolysis laser pulse, show laser
dependent signal that increases intensity gradually until 20 ms after the laser
pulse. The rate coefficient for m/z 108 appearance from o- and m-methylphenyl
+ O2 is 500 ± 70 s 1 and 400 ± 20 s 1 between 0–10 ms after photolysis, with
the uncertainty representing 1 standard deviation.
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Figure 4.15. Photoionisation spectrum integrated 0–80 ms after photolysis for
m/z 80 from o-methylphenyl + O2 (red empty circles) with error bars representing
2 standard deviations is compared to m/z 80 PI spectra for cyclopentadienone
from o-hydroxyphenyl + O2 , which is a↵ected by dissociative ionisation of obenzoquinone at 9.8 eV.15 The absence of an enhanced signal between 9.8–10
eV indicates o-benzoquinone has insufficient quantities to a↵ect the m/z 80 PI
spectrum from o-methylphenyl + O2 .
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Figure 4.16. Photoionisation spectra integrated 0–80 ms after photolysis for
m/z 122 from o-methylphenyl + O2 (red empty circles) and m-methylphenyl +
O2 (black empty squares).
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Figure 4.17. Photoionisation spectra integrated 0–80 ms after photolysis for
m/z 66 from o-methylphenyl + O2 (red empty circles) and m-methylphenyl +
O2 (black empty squares), representing an average of three PI spectra with error
bars representing 2 standard deviations. The absolute PI spectrum reported by
Taatjes et al. for cyclopentadiene is scaled and well matched to the PI spectrum
from o-methylphenyl + O2 (solid purple line, Ref. 50).
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Figure 4.18. Photoionisation spectra integrated 0–80 ms after photolysis for
m/z 67 from o-methylphenyl + O2 (red empty circles) and m-methylphenyl +
O2 (black empty squares), representing an average of three PI spectra with error
bars representing 2 standard deviations. The m/z 67 PI spectra from o- and
m-methylphenyl + O2 are well matched.
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Figure 4.19. Photoionisation spectra integrated 0–80 ms after photolysis for
m/z 70 from o-methylphenyl + O2 (red empty circles) and m-methylphenyl +
O2 (black empty squares), representing an average of three PI spectra with error
bars representing 2 standard deviations. The m/z 70 PI spectra from o- and
m-methylphenyl + O2 are well matched.
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Tables of Calculated CBS-QB3 Adiabatic Ionisation Energies for
Product Isomers with Reference Data

Table 4.1. Calculated CBS-QB3 adiabatic ionisation energies for C5 H7 isomers
(67 Da). The CBS-QB3 relative heats of formation ( Hf ) are provided in kcal
mol 1 with zero-point energy
C5 H7 isomers

2-cyclopentenyl radical

Calculated
adiabatic IE
(eV)
7.0

3-cyclopentenyl radical

7.4

Literature IE
(eV)

Relative Hf
(kcal mol 1 )

7.0
(vertical)51
7.54
(vertical)36

0.0
0.0

Table 4.2. Calculated CBS-QB3 adiabatic ionisation energies for C7 H6 O2 isomers (122 Da). The CBS-QB3 enthalpies ( Hf ) are provided in kcal mol 1 with
zero-point energy.
C5 H7 isomers

3-methyl-1,2-benzoquinone
4-methyl-1,2-benzoquinone
2-methyl-1,4-benzoquinone
3-hydroxy-1,2-quinone
methide
4-hydroxy-1,2-quinone
methide
5-hydroxy-1,2-quinone
methide
6-hydroxy-1,2-quinone
methide
2-hydroxy-1,4-quinone
methide
3-hydroxy-1,4-quinone
methide
2-hydroxy-benzaldehyde
3-hydroxy-benzaldehyde
4-hydroxy-benzaldehyde
3-methide-oxepinone
7-methide-oxepinone

Calculated
adiabatic IE
(eV)
9.1
9.0
10.0
8.3

Literature IE
(eV)

Relative Hf
(kcal mol 1 )
27.5
27.7
19.1
28.0

8.2

28.4

8.5

25.1

8.2

31.3

8.7

19.9

9.1

23.4

8.7
8.9
8.8
8.3
8.5

0.0
5.3
5.1
38.9
38.5
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Daniels, Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski and D. J. Fox,
Gaussian 09, 2009.
(28) G. da Silva, “G3X-K Theory: A Composite Theoretical Method for Thermochemical Kinetics”, Chem. Phys. Lett., 2013, 558, 109–113.
(29) M. Steinbauer, P. Hemberger, I. Fischer and A. Bodi, “Photoionization of
C7 H6 and C7 H5 : Observation of the Fulvenallenyl Radical”, ChemPhysChem,
2011, 12, 1795–1797.

Chapter 4. Neutral o-Methylphenyl Radical + O2

86

(30) J. C. Traeger and R. G. McLoughlin, “A Photoionization Study of the Energetics of the C7 H+
7 Ion formed from C7 H8 Precursors”, Int. J. Mass Spectrom.
Ion Phys., 1978, 27, 319–333.
(31) N. Akai, S. Kudoh, M. Takayanagi and M. Nakata, “Photoreaction Mechanisms of 2-Bromophenols Studied by Low-Temperature Matrix-Isolation Infrared Spectroscopy and Density-Functional-Theory Calculation”, Chem. Phys.
Lett., 2002, 363, 591–597.
(32) V. Eck, A. Schweig and H. Vermeer, “The Ultraviolet Photoelectron Spectrum
of o-Benzoquinone Methide”, Tetrahedron Lett., 1978, 19, 2433–2436.
(33) H. Amouri and J. Le Bras, “Taming Reactive Phenol Tautomers and oQuinone Methides with Transition Metals: A Structure-Reactivity Relationship”, Acc. Chem. Res., 2002, 35, 501–510.
(34) W.-J. Bai, J. G. David, Z.-G. Feng, M. G. Weaver, K.-L. Wu and T. R. R.
Pettus, “The Domestication of ortho-Quinone Methides”, Acc. Chem. Res.,
2014, 47, 3655–3664.
(35) Z. Zhou, M. Xie, Z. Wang and F. Qi, “Determination of Absolute Photoionization Cross-Sections of Aromatics and Aromatic Derivatives”, Rapid Commun.
Mass Spectrom., 2009, 23, 3994–4002.
(36) H. Rosenstock, K. Draxl, B. Steiner and J. Herron, in NIST Chemistry WebBook,
NIST Standard Reference Database Number 69, ed. P. Linstrom and W. Mallard, National Institute of Standards and Technology, Gaithersburg MD, 20899,
2011.
(37) G. da Silva, E. E. Moore and J. W. Bozzelli, “Decomposition of Methylbenzyl
Radicals in the Pyrolysis and Oxidation of Xylenes”, J. Phys. Chem. A, 2009,
113, 10264–10278.
(38) K. S. Stumetz, J. T. Nadeau and M. E. Cremeens, “Potential Nonadiabatic Reactions: Ring-Opening 4,6-Dimethylidenebicyclo[3.1.0]hex-2-ene Derivatives to Aromatic Reactive Intermediates”, J. Org. Chem., 2013, 78, 10878–
10884.
(39) G. Li, L. Li, L. Shi, L. Jin, Z. Tang, H. Fan and H. Hu, “Experimental and
Theoretical Study on the Pyrolysis Mechanism of Three Coal-Based Model
Compounds”, Energy Fuels, 2014, 28, 980–986.
(40) S. B. Cavitt, H. S. R and P. D. Gardner, “The Structure of o-Quinone Methide
Trimer”, J. Org. Chem., 1962, 27, 1211–1216.

Chapter 4. Neutral o-Methylphenyl Radical + O2

87

(41) D. S. N. Parker, R. I. Kaiser, T. P. Troy, O. Kostko, M. Ahmed and A. M.
Mebel, “Toward the Oxidation of the Phenyl Radical and Prevention of PAH
Formation in Combustion Systems”, J. Phys. Chem. A, 2015, 119, 7145–7154.
(42) D. J. Robichaud, A. M. Scheer, C. Mukarakate, T. K. Ormond, G. T. Buckingham, G. B. Ellison and M. R. Nimlos, “Unimolecular Thermal Decomposition
of Dimethoxybenzenes”, J. Chem. Phys., 2014, 140, 234302.
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Abstract

Gas-phase product detection studies of o-hydroxyphenyl radical and O2 are reported at 373, 500, and 600 K, at 4 Torr (533.3 Pa), using VUV time-resolved synchrotron photoionisation mass spectrometry. The dominant products are assigned
as o-benzoquinone (C6 H4 O2 , m/z 108) and cyclopentadienone (C5 H4 O, m/z 80). It
is concluded that cyclopentadienone forms as a secondary product from prompt decomposition of o-benzoquinone (and dissociative ionization of o-benzoquinone may
contribute to the m/z 80 signal at photon energies &9.8 eV). Ion-trap reactions of
the distonic o-hydroxyphenyl analogue, the 5-ammonium-2-hydroxyphenyl radical
cation, with O2 are also reported and concur with the assignment of o-benzoquinone
as the dominant product. The ion-trap study also provides support for a mechanism where cyclopentadienone is produced by decarbonylation of o-benzoquinone.
Kinetic studies compare oxidation of the ammonium-tagged o-hydroxyphenyl and
o-methylphenyl radical cations along with trimethylammonium-tagged analogues.
Reaction efficiencies are found to be ca. 5% for both charge-tagged o-hydroxyphenyl and o-methylphenyl radicals irrespective of the charged substituent. G3X-K
quantum chemical calculations are deployed to rationalise experimental results for
o-hydroxyphenyl + O2 and its charge-tagged counterpart. The prevailing reaction
mechanism, after O2 addition, involves a facile 1,5-H shift in the peroxyl radical
and subsequent elimination of OH to yield o-benzoquinone that is reminiscent of
the Waddington mechanism for -hydroxyperoxyl radicals. These results suggest
o-hydroxyphenyl + O2 and decarbonylation of o-benzoquinone serve as plausible
OH and CO sources in combustion.

5.2

Introduction

Phenolic compounds, including alkylphenols, represent a substantial portion of ligninderived biofuel stocks1 and the lighter fractions from lignite pyrolysis.2 They are also
used as additives to enhance the oxidative stability of biodiesel and diesel.3–6 Phenol
is a product of catechol thermal decomposition,7 benzene and hydroxyl radical reactions8 as well as phenyl9 and benzyl radical oxidation.10
The pyrolysis of phenol proceeds with H-migration and CO elimination to produce cyclopentadiene or, at higher temperatures, H-loss to produce the phenoxyl
radical.11 Investigations into the phenol + OH reaction report the H-abstraction
product as the phenoxyl radical.12,13 However, at >390 K, H-abstraction from the
phenyl ring and OH addition reactions are also expected with the former process
resulting in hydroxyphenyl radicals.14 The o-hydroxyphenyl radical is an intermediate in the pyrolysis reaction reported for dimethoxybenzene (a model compound
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for the -04 aryl ether unit within G-type lignin).15 The addition of O2 to the ohydroxyphenyl radical site will produce the o-hydroxyphenylperoxyl radical, with its
hydroxy H-atom within close proximity to the peroxyl radical substituent. As is the
case for the o-methylphenylperoxyl radical,16,17 o-hydroxyphenylperoxyl is expected
to isomerise and eliminate OH via a phenoxyl QOOH intermediate to produce obenzoquinone (o-BQ), a known precursor to cyclopentadienone (CPO) + CO.18–21
This mechanism was reported for the oxidation of protonated tyrosinyl radicals22
and has some similarities to the Waddington mechanism for -hydroxyperoxyl radicals.23–25 Yet, to date, no direct experimental results have validated this mechanism
for the o-hydroxyphenyl + O2 reaction system.
In this work, we report reactions of gas-phase o-hydroxyphenyl with O2 using two approaches: synchrotron-based time-resolved photoionisation mass spectrometry and distonic-ion mass spectrometry. The synchrotron-based method couples
a slow-flow kinetic reactor to a time-of-flight mass spectrometer and VUV photoionisation that allows detection of reaction products with kinetic and isomeric details.
The distonic ion approach exploits charge-tagged derivatives of neutral radical species to study radical kinetics by ion-trap mass spectrometry.26 These distonic ion
oxidation experiments build on a framework provided by previous studies of distonic
phenyl27 and o-methylphenyl radical oxidation.17 In combination, we show that OH
elimination follows the reaction of o-hydroxyphenyl radicals with O2 to form o-BQ.
The stability of this nascent o-BQ is also investigated.

5.3
5.3.1

Experimental
Synchrotron Photoionisation Mass Spectrometry

The o-hydroxyphenyl + O2 reaction was investigated using time-resolved photoionisation mass spectrometry28 at the Chemical Dynamics Beamline29,30 at the Advanced Light Source (ALS at Lawrence Berkeley National Laboratories, USA). The
apparatus comprises a slow-flow tube reactor, quasi-continuous vacuum-ultraviolet
(VUV) synchrotron light source and an orthogonal acceleration time-of-flight mass
spectrometer. o-Hydroxyphenyl radicals were generated within the flow tube by
photolysis of o-bromophenol using a pulsed KrF excimer laser (248 nm) operating
at 4 Hz with a fluence of ca. 50 mJ cm 2 .
The heatable quartz reactor flow tube is 62 cm long with a 1.05 cm inner diameter maintained at 4 Torr (533.3 Pa). Gas continuously escapes the reactor into
a di↵erentially pumped vacuum chamber through a 650 µm pinhole situated 37 cm
along the flow tube. In the experiments reported here, o-bromophenol, O2 gas, and
He gas are supplied to the reactor through separate mass-flow controllers at the
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overall rate of 202 sccm. The o-bromophenol was entrained in He gas using a fritted
bubbler with the liquid sample maintained at 291 K (18 C) and ⇠573 Torr (76.4
kPa). The vapour pressure of o-bromophenol is roughly approximated at 291 K to
be 0.17 Torr using Antoine parameters known for phenol.31 At 373 K and 4 Torr,
number densities within the reactor are ca. 1.7 ⇥1012 molecule cm 3 for o-bromophenol, 7.7 ⇥1015 molecule cm 3 for O2 gas, and a total of 9.6 ⇥1016 molecule cm 3
for He gas. Reactions were conducted with the reactor temperature maintained at
373 K, 500 K and 600 K. The temperature profile of the reactor is such that the
length ca. 20 cm above the pinhole is maintained at the set temperature. Gas flow
velocities are as follows: 10.1 m s 1 at 373 K, 13.5 m s 1 at 500 K, and 16.2 m
s 1 at 600 K. Total gas flow densities were: 1.0 ⇥1017 molecule cm 3 at 373 K, 7.7
⇥1016 molecule cm 3 at 500 K, and 6.4 ⇥1016 molecule cm 3 at 600 K.
The gas that escapes through the 650 µm pinhole is sampled by a skimmer to
create a near-e↵usive molecular beam that is intersected by quasi-continuous vacuum-ultraviolet (VUV) synchrotron light. Ions produced by photoionisation are
detected using a 50 kHz pulsed orthogonal-acceleration time-of-flight mass spectrometer. The photoionisation energy was typically scanned from 9 to 10 eV with
0.025 eV steps. Mass spectra are compiled into three-dimensional arrays of mass-tochange (m/z ), reaction time, and photoionisation energy. All data are normalised
for variations in the ALS photocurrent using a NIST-calibrated photodiode (SXUV100, International Radiation Detectors Inc.). Background subtraction is achieved
by subtracting the average signal during the 20 ms prior to the photolysis pulse
from the dataset. The resulting photoionisation spectra and kinetic traces are normalised by the area under the curve and averaged together for each temperature.
The error bars provided at a given photoionisation energy represent two standard
deviations (2 ) for a mean of at least three measurements at 373 and 500 K, and
two measurements at 600 K.

5.3.2

Ion-Trap Mass Spectrometry

Distonic radical cation experiments were conducted on a modified Thermo Fisher
Scientific LTQ ion-trap mass spectrometer (Thermo Fisher Scientific Inc., San Jose,
USA) situated at the University of Wollongong. Radical precursor ions were generated by infusing methanolic solutions of 10 µM 2-bromo-4-aminophenol ([M + H]+
at m/z 188 and 190), 3-bromo-4-methylaniline ([M + H]+ at m/z 186 and 188), or
3-iodo-4-hydroxy-N,N,N -trimethylbenzenaminium iodide ([M – I]+ at m/z 278) into
the electrospray ion source at 5 µL min 1 and were mass-selected using an isolation
window of 5–6 Th (mass-to-charge) for brominated, and 1–2 Th for the iodinated
cations with a q-parameter of 0.250. Mass spectra acquired with the ion-trap mass
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spectrometer and presented herein are an average of 50 scans unless otherwise stated.
Typical instrumental settings: electrospray voltage (4–5 kV), capillary temperature
(250 C), and sheath gas flow at 10–15, auxiliary gas flow at 0–5 and sweep gas
flow at 0 (arbitrary units). The normalised collision energy was typically 20–30%
(Ref. 32) for CID experiments with an activation time of 30 ms as defined within
the control software.
5.3.2.1

Photodissociation (PD).

Modifications to the ion-trap mass spectrometer required for PD of trapped ions
are similar to those previously reported33,34 and are detailed elsewhere.35,36 At the
beginning of a specified MSn ion activation step, where laser PD is desired, the
mass spectrometer transmits a signal to a digital delay generator that subsequently
triggers the flashlamp of the Nd:YAG laser (4th harmonic, = 266 nm) such that
only a single laser pulse is delivered per MSn cycle. The unfocussed laser pulse (ca.
30 mJ cm 2 ) is directed through a 2 mm orifice in the back lens of the ion-trap
assembly to overlap with the ion cloud within the ion trap.
5.3.2.2

Ion-Molecule Reactions.

Distonic radical cations generated within the ion trap were mass selected and then
allowed to react with O2 for 0.030–10000 ms (set by the control software). Background O2 resides in the trap due to air entrained by the atmospheric pressure ESI
source. Reactions were also conducted with an increased O2 concentration by using
a He bath gas doped with O2 (770 ± 45 ppm; BOC, Australia). Similarly, a He
bath gas doped with oxygen-18 was used for isotopic labelling experiments. The
O2 concentration (molecule cm 3 ) within the ion-trap region was determined using
the measured pseudo-first order rate coefficient for 3-carboxylatoadamantyl + O2
and its known second-order rate coefficient of 8.5 ± 0.4 ⇥ 10 11 cm3 molecule 1
s 1 with the O2 concentration determined for each experiment.37 The background
O2 concentration within the ion trap is typically 6.4 ⇥ 109 molecule cm 3 and the
increased O2 concentrations ranged from 1.6–2.2 ⇥1011 molecule cm 3 with an O2 doped bath gas. The e↵ective temperature of ions stored within a linear quadrupole
ion trap has been estimated at 318 ± 23 K,38 consistent with an earlier estimate of
307 K.37 The kinetic plots that show ion signal decay with increasing reaction time
were produced by integrating the ion signal intensity over a selected mass-to-charge
range and normalising it to the integrated total ion signal intensity. The normalised integrated ion signal intensity is then averaged for at least 10 scans and plotted
against reaction time (0.030–10000 ms) to track changes in ion signal intensity due to
reactions with O2 . Measured pseudo-first order rate coefficients (k1st ) were obtained
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by fitting Equation 5.1 to the average normalised integrated peak intensity against
reaction time, for a select mass-to-charge range, using the Levenberg–Marquardt
algorithm. Satisfactory fits with Equation 5.1 are consistent with pseudo-first order kinetic behaviour. Thus, allowing the second-order rate coefficient (k2nd ) to be
calculated using Equation 5.2 with a measured [O2 ]. The residual plots accompanying kinetic curves in Figure 5.5, Figure 5.15, and Figure 5.16 (Section 5.7) show
the di↵erence between the average normalised integrated ion signal intensity and
the expected value from Equation 5.1, i.e. the residuals, plotted as a function of
reaction time.

y = A0 exp( k1st t) + constant
k1st
k2nd =
[O2 ]

(5.1)
(5.2)

At least five kinetic decay curves were acquired in succession to ensure consistent
conditions, with one decay curve taking 20–30 min to acquire. For the ion-molecule
reactions below, pseudo-first order kinetic character was observed. The second order rate coefficient for 5-ammonium-2-hydroxyphenyl + O2 is an average from 17
decay curves over three experiments at low [O2 ] and 20 decay curves over two experiments at increased [O2 ]. The 5-ammonium-2-methylphenyl + O2 second order rate
coefficient is calculated as the average of 19 decay curves at low [O2 ] and 30 decay
curves at increased [O2 ] over three experiments at each concentration. The secondorder rate coefficient for 5-(N,N,N -trimethylammonium)-2-hydroxyphenyl radical +
O2 is an average of 5 decay curves at low [O2 ]. Reported reaction efficiencies were
calculated from the second-order rate coefficients as a percentage of the reactants
collision frequency estimated using the Langevin collision model for ion-molecule
collision pairs.39
Statistical uncertainty from fitting pseudo-first order rate coefficients (k1st ) to
experimental decay curves was typically 2  10%. Systematic uncertainty in the
ion-trap pressure and O2 concentration, including the generation of neutrals and
charged species with mass-to-charge less than the low mass cut-o↵ (50 Th) result in
an upper limit of 50% uncertainty in the O2 concentration that is accumulated in
reported second-order rate coefficients and reaction efficiencies.

5.3.3

Quantum Chemical Calculations

Reaction enthalpies were calculated from electronic energies computed with the
G3X-K composite method40 in Gaussian 09.41 G3X-K is a modified G3SX composite method that uses M06-2X density functional theory in place of B3LYP and
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is parameterised for thermochemical kinetics. It is capable of reproducing barrier
heights in the DBH24/08 test set42 to within 1 kcal mol 1 , on average.40 The CBSQB3 method was used for the calculation of adiabatic ionisation energies (AIE) and
cation dissociation barriers, with an estimated error of 1 kcal mol 1 (0.05 eV) for
AIEs43,44 and 2 kcal mol 1 for barriers from the DBH24/08 database.42 All stationary
points were characterised as either minima (no imaginary frequencies) or transition
states (one imaginary frequency whose normal mode projection approximates motion along a reaction coordinate). The assignment of a transition state between
minima was verified by IRC calculations. The M06-2X geometries and frequencies
and G3X-K energies were used to calculate preliminary product ratios within the
MultiWell 2013 suite of programs.45–47 All reported energies include the zero-point
energy correction for 0 K enthalpies and AIEs.

5.3.4

Materials

3-Bromo-4-methylaniline, 4-amino-2-bromophenol, oxygen-18 (97%), and o-bromophenol (98%) were purchased from Sigma Aldrich. Gases and reagents obtained
from commercial sources were used without further purification. The synthesis of 3iodo-4-hydroxy-N,N,N -trimethylbenzenaminium iodide is described in Section 5.7.1
of the Supporting Information.

5.4
5.4.1

Results and Discussion
Synchrotron Photoionisation Mass Spectrometry:
o-Hydroxyphenyl + O2

Figure 5.1a is a product mass spectrum after photolysis of o-bromophenol with no
O2 added to the reactor, serving as a background measurement. The spectrum is
integrated from 0 to 20 ms after photolysis at a photoionisation energy of 10 eV
with a reactor temperature of 373 K. Major photolysis product peaks are present at
m/z 92 and 94. The photoionisation (PI) spectra for m/z 92 and 94 (not shown)
are well matched to the integrated photoelectron spectrum for cyclopenta-2,4-dien1-ylidenemethanone (C5 H4 CO, AIE = 8.09 eV)48–50 and the known photoionisation
spectrum for phenol (C6 H5 OH, AIE = 8.49 eV),51–53 respectively. However, since
the characteristic AIEs are below the photoionisation energy range scanned, these
are tentative assignments for these background species. As an aside, cyclopenta-2,4dien-1-ylidenemethanone (C5 H4 CO, m/z 92) may arise from o-bromophenol photolysis via HBr loss54 and phenol (C6 H5 OH, m/z 94) is probably formed via Habstraction by the m/z 93 radical from the abundant o-bromophenol precursor.
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Figure 5.1. Product photoionisation mass spectra at 373 K and 10 eV integrated
0–20 ms after 248 nm photolysis of (a) o-bromophenol and (b) o-bromophenol in
the presence of additional O2 (7.7 ⇥1015 molecule cm 3 ). In product spectrum
(b) m/z 108 and 80 are reaction product peaks but, as discussed in the text,
a portion of the m/z 80 signal may arise from dissociative ionisation of o-BQ
(assigned to m/z 108).
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Figure 5.1b is a product mass spectrum from photolysis of o-bromophenol in the
presence of 7.7 ⇥1015 molecule cm 3 O2 . The new product peaks at m/z 80, 108 and
the minor peak at m/z 110 are consistent with C5 H4 O, C6 H4 O2 , and C6 H6 O2 and
are attributed to the o-hydroxyphenyl + O2 reaction. The PI spectra for m/z 80 and
108, integrated 0 to 20 ms after photolysis at 373 K, are provided in Figure 5.2a and
5.2b. PI spectra at 500 K and 600 K are provided in the Section 5.7 (Figure 5.9 and
Figure 5.10, respectively). The PI onsets for m/z 80 at 9.4 eV and m/z 108 at 9.2 eV
are in agreement with reference spectra for cyclopentadienone (CPO, m/z 80) and obenzoquinone (o-BQ, m/z 108),55–57 and consistent with AIEs provided in Table 5.1.
Ionization onsets for CPO and o-BQ were recently reported by Ormond et al.55 and
compared within the inset of Figure 5.2. The p-benzoquinone isomer can be excluded
as a m/z 108 product contributor as its AIE is 9.96 eV with a sharp photoionisation
onset,57,58 and there is no such feature in the PI spectrum up to 10 eV. The m/z 109
signal present in mass spectra obtained at 373, 500 and 600 K (Section 5.7 Figure
5.11) could result, in part, from decomposition of o-hydroxyphenylperoxyl to ohydroxyphenoxyl + O(3 P). The hydroxyphenoxyl cation is expected at m/z 109,
however unequivocal assignment of the m/z 109 species is confounded by the 13 C
isotope peak of the dominant m/z 108 product. In unpublished studies, we have
observed phenoxyl radical decay that is kinetically matched to the growth of a +1 Da
ion signal intensity. A m/z 110 product ion is present in Figure 5.11 (Section 5.7) and
kinetic traces in Figure 5.13 (Section 5.7) show that the appearance of m/z 110 ions
is delayed relative to m/z 108 ions (a primary product kinetic reference). Therefore,
the delayed appearance of m/z 110 ions could be explained via H-abstraction by
the o-hydroxyphenoxyl radical to produce o-catechol (C6 H4 OHOH, m/z 110).
Table 5.1. Measured photoionisation thresholds for m/z 80 and 108 compared
to calculated CBS-QB3 AIE for CPO, o-BQ and p-benzoquinone. Literature vertical (VIE) and adiabatic ionisation energies (AIE) are provided with the original
reference
Species
Cyclopentadienone
(CPO, m/z 80)
o-Benzoquinone
(o-BQ, m/z 108)
o-Hydroxyphenoxyl radical
(m/z 109)
o-Hydroxyphenol
(catechol, m/z 110)
p-Benzoquinone
(p-BQ)

Measured
(eV)
9.4

Calculated
AIE (eV)
9.41

9.2

9.18

Literature
values
9.41 ± 0.01
(AIE)55
9.3 ± 0.1
(AIE)55

8.14
8.22
9.89

8.56
(VIE)50,59
9.96 ± 0.01
(AIE)50,58

The detection of o-BQ (m/z 108) is rationalised by O2 addition to the o-
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Figure 5.2. Photoionisation spectra integrated 0–20 ms after photolysis for (a)
m/z 80 and (b) m/z 108 from o-hydroxyphenyl + O2 at 373 K. Each spectrum
is an average of three PI spectra and the 2 statistical uncertainty is represented
by vertical error bars. Figures inset within (a) and (b) compare the experimental
PI spectra near the onset to reference spectra for CPO and o-BQ from Ref. 55
(1000 K). Reference PI spectra are also provided in (a) for CPO from Ref. 56
and 57 (873 K).
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hydroxyphenyl radical, followed by isomerisation of the hydroxyphenylperoxyl intermediate to hydroperoxyphenoxyl and subsequent OH loss to form o-BQ (Scheme
5.1). This pathway is analogous to the O2 addition and subsequent OH loss mechanism that operates in the o-methylphenyl + O2 reaction16,17 and OH loss in the
Waddington mechanism for -hydroxyperoxyl radicals.23,24 Scheme 5.1 also includes
pathways from o-BQ that lead to CPO and the CPO radical cation that will now
be discussed.
+ O2

- OH
OO

OH

OH

+ CO
O

OOH

O

O

O
hνALS

hνALS
•+
O
O

m/z 108

dissociative
ionisation

•+
+ CO
O
m/z 80

Scheme 5.1

Included in Figure 5.2a are reference PI spectra for CPO from Yang et al.56 and
Parker et al.57 The close agreement between the m/z 80 and reference PI spectra
shown in Figure 5.2a from 9 to 9.8 eV support our assignments of m/z 80 as CPO.
It is evident that at PI energies 9.8 eV all m/z 80 PI spectra diverge with the
reference spectra under-predicting the current experimental data. Additional PI
spectra acquired at 500 and 600 K (Figure 5.9 and Figure 5.10, Section 5.7) also
diverge from the reference spectra at PI energies 9.8 eV.
The possibility of other C5 H4 O isomers contributing to the m/z 80 ion signal
was ruled out by calculating AIEs for closed-shell linear C5 H4 O isomers listed in
Table 5.3 (Section 5.7). Isomers were excluded on the basis of having: an AIE <9.2
eV, or an AIE >10.0 eV and a relatively high formation enthalpy. As it stands,
CPO is the only plausible isomer contributing to the m/z 80 PI spectra, however,
the source of neutral CPO and the cause of the disparity around 9.8 eV in the
m/z 80 PI spectra (Figure 5.2a) require further examination.
The systematic di↵erences between the m/z 80 signal and CPO reference spectra
in Figure 5.2a at photoionisation energies 9.8 eV could arise from dissociative
ionisation of higher mass species, where o-BQ is a likely candidate. It is known
that dissociative ionisation of 1,2-naphthoquinone and 9,10-phenanthrenequinone
result in CO loss (both contain the o-BQ substructure).60 Figure 5.11 (Section 5.7)
shows product mass spectra at 373, 500 and 600 K integrated over two energy
ranges; 9.40–9.75 eV (Figure 5.11a–c, Section 5.7) and 9.85–10.00 eV (Figure 5.11d–
f, Section 5.7). These mass spectra reveal some variation in the product ratios but no
additional product signals. Comparing the kinetic traces for m/z 80 and 108 at 500
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K integrated over 9.40–9.75 eV (Figure 5.12a, Section 5.7) shows that the kinetic
traces are clearly di↵erent and consistent with the dominant fraction of each ion
population arising from photoionisation of di↵erent neutrals. However, at higher
energies (9.85–10.00 eV, Figure 5.12b, Section 5.7), the m/z 80 and 108 kinetic
traces appear more similar–this is consistent with a portion of C6 H4 O2 (108 Da)
undergoing dissociative ionisation to yield product ions with m/z 80. Furthermore,
the potential energy scheme for CO loss from the o-BQ radical cation (m/z 108)
provided in Figure 5.3 shows the cation dissociation barrier to be 9.7 eV relative to
neutral o-BQ. These results support the proposition that at photoionisation energies
9.8 eV some of the m/z 80 signal arises from the dissociative ionisation of oBQ. This contribution is in addition to the ionisation of CPO produced within the
reactive flow.
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Figure 5.3. Potential energy schematic that depicts loss of CO from the o-BQ
radical cation. CBS-QB3 0 K enthalpies are provided in kcal mol 1 relative to
the o-BQ radical cation. CBS-QB3 AIE and dissociation barrier are provided in
eV relative to o-BQ.

Analogous to product pathways of the phenylperoxyl radical in phenyl + O2
reactions,61–64 CPO could be produced after decomposition of hydroxyl-substituted
oxepinoxyl radicals. Unimolecular reaction pathways leading directly to CPO are
discounted on the basis of experiments in Section 5.4.2 and prohibitively high energy
pathways reported in Section 5.4.3.3. Ultimately, we propose that the m/z 80 and
108 products are generated according to processes summarised in Scheme 5.1: the
o-hydroxyphenyl radical undergoes O2 addition to form the hydroxyphenylperoxyl
radical and subsequent OH loss to produce o-BQ. And, a portion of the nascent
vibrationally-excited o-BQ population then decomposes via decarbonylation to produce CPO.18–20 In addition, dissociative ionisation of o-BQ possibly contributes to
the measured m/z 80 signal at energies 9.8 eV.
To further establish connections between the reaction products of o-hydroxyphenyl + O2 (cf. Scheme 5.1), charge-tagged derivatives of o-hydroxyphenyl radicals
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were prepared within an ion-trap mass spectrometer (at the University of Wollongong). The study of distonic radical ions can provide useful insight into the reactions
of their neutral radical counterparts. The presence of a relatively unreactive charged
substituent enables isolation and manipulation of reactive intermediates using iontrap mass spectrometry, while products arise from reactions with the spatially separated radical moiety.17,65,66 Quantum chemical calculations were also conducted,
and discussed later in Section 5.4.3, to rationalise experimental results for both the
neutral and charge-tagged systems.

5.4.2

Ion-Trap Mass Spectrometry:
Distonic o-Hydroxyphenyl + O2

Photodissociation (PD, = 266 nm) of isolated m/z 188 and 190 ions ([M + H]+ ,
assigned 3-bromo-4-hydroxybenzenaminium cation) resulted in the m/z 109 signal
in Figure 5.4a. The m/z 109 ion, consistent with Br loss, was assigned to the 5ammonium-2-hydroxyphenyl radical cation shown in Scheme 5.2. Isolation of this
radical cation in the presence of background O2 (6.4 ⇥ 109 molecules cm 3 ) resulted
in a major product ion at m/z 124 and a minor product ion at m/z 96 (<1%) that
both grew in with increasing reaction times (0.030–10000 ms). A mass spectrum
acquired with 2000 ms reaction time is shown in Figure 5.4b. The m/z 124 product
ion is rationalised by O2 addition to the charge-tagged 2-hydroxyphenyl radical
followed by prompt OH elimination to yield 4-ammonium-2-benzoquinone.
NH 3

NH 3

NH 3
+ O2

hν

NH 3

- OH

Br
OH
m/z 188
m/z 190

NH 3

NH 3

OO
OH

OH

m/z 109

m/z 141

- CO
O

OOH
O

O
m/z 124

O
m/z 96

Scheme 5.2

The mass spectrum in Figure 5.4c, from isolation and subsequent collision-induced dissociation (CID) of m/z 124 product ions, shows major signals at m/z 96
and 107 and minor signals at m/z 79 and 81. The product ion at m/z 96 (–28 Da)
is consistent with decarbonylation of ammonium-tagged o-BQ to yield ammoniumtagged CPO + CO. Fragment ions at m/z 107, 79, and 81 are assigned to loss of
NH3 (–17 Da), NH3 + CO (–45 Da) and NC2 H5 or C2 H3 O (–43 Da) from m/z 124,
respectively. To verify these assignments, 18O2 was introduced into the ion trap and
reacted with m/z 109 radical cations. The m/z 126 ions produced are consistent
with 18O2 addition and 18OH loss (–19 Da, Figure 5.4d) and exclude any contribution
of NH3 loss (–17 Da). Isolation and subsequent CID of the m/z 126 ions resulted in
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Figure 5.4. Mass spectra resulting from (a) PD of 3-bromo-4-hydroxybenzenaminium (m/z 188 and 190), (b) isolation of m/z 109 ions resulting from 266
nm PD of 3-bromo-4-hydroxybenzenaminium and storage for 2 seconds in the
presence of background O2 (109 molecules cm 3 ), and (c) CID of the product ion
at m/z 124. Experiments were repeated with 18O2 and (d) the product ion at
m/z 126 was subjected to CID.
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Figure 5.5. Kinetic curves for m/z 109 (open blue circles), from PD of 3-bromo4-hydroxybenzenaminium cations, in reactions with (a) background O2 (6.4 ⇥ 109
molecules cm 3 ) and (b) increased O2 (1.9 ⇥1011 molecules cm 3 ). Residual plots
from the fitting of Equation 5.1 are provided above. The m/z 124 product data
are shown (red diamonds) and track with a rate coefficient in agreement with the
m/z 109 decay (within 2 ). Error bars are 1 .

fragments at m/z 96 and 98 consistent with loss of C 18O and C 16O from 18O-labelled
o-BQ to yield CPO. Taken together, these data demonstrate a connection between
the o-BQ intermediate (m/z 124) and the CPO structure (m/z 96) via processes
summarised in Scheme 5.2. These data do not provide evidence for a phenyl-like
oxidation mechanism for the direct formation of CPO via phenoxyl and oxepinoxyl
radicals.61–64 Other fragment ions at m/z 79, 81, 83, and 109 are assigned to loss of
NH3 + C 18O (–47 Da), NH3 + C 16O or C2 H3 18O (–45 Da), NC2 H5 or C2 H3 16O (–43
Da), and NH3 (–17 Da) from m/z 126, respectively.
Potential energy schemes for formation of o-BQ and CPO are compared and
discussed for both neutral and distonic cases in Section 5.4.3. Reactions of the
PD generated 5-ammonium-2-hydroxyphenyl radical cation (m/z 109) with O2 were
characterised further by kinetic measurements.
5.4.2.1

Distonic Ion + O2 Reaction Kinetics

Product mass spectra for the reactions of m/z 109 ions with background O2 ([O2 ]
= 6.4 ± 0.4 ⇥ 109 molecules cm 3 ) and increased O2 concentrations ([O2 ] = 1.6–2.2
⇥1011 molecules cm 3 ) were recorded as a function of reaction time. The normalised
integrated intensity for a selected mass-to-charge range (1–2 Th) was plotted against
reaction time (0.030 to 10000 ms) to produce kinetic curves that describe decay of
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m/z 109 ion signal intensity due to reactions with O2 .
A single exponential decay (Equation 5.1) was satisfactorily fitted to the experimental data, in accord with pseudo-first order kinetic behaviour. Representative
kinetic curves for m/z 109 and 124 ions are provided in Figure 5.5 with fitted data
and residuals from Equation 5.1 for m/z 109 signal decay. The k1st values for m/z 109
signal decay and m/z 124 signal growth are in agreement (e.g., in Figure 5.5a, 0.19
± 0.02 s 1 compared to 0.18 ± 0.01 s 1 within 2 ) and the m/z 124 intensity is
well matched to the m/z 109 signal decay. This indicates that m/z 124 ions are the
main reaction product from depletion of m/z 109 ions. As shown in Figure 5.5b, at
increased O2 concentrations the m/z 109 ion signal intensity ultimately approaches
a constant value of ca. 10% at 1000 ms and remains constant up to a reaction time
limit of 10000 ms. This indicates the presence of an unreactive isomer (or isomers)
and is accounted for by the constant o↵set included in Equation 5.1.
Additional experiments that compare the oxidation kinetics of the ammoniumtagged o-hydroxyphenyl and o-methylphenyl radical cations along with trimethylammonium-tagged analogues are now described. Sample kinetic plots are provided
in Figure 5.15 (Section 5.7) for oxidation of 5-ammonium-2-methylphenyl radical
cations (m/z 107) and in Figure 5.16 (Section 5.7) for 5-(N,N,N -trimethylammonium)2-hydroxyphenyl radical cations (m/z 151). For reactions of 5-ammonium-2-methylphenyl radical cations (m/z 107) the non-zero horizontal o↵set (shown in Figure
5.15b, Section 5.7) is ca. 40% of the isolated m/z 107 ion population. Interestingly,
k1st values for 5-ammonium-2-methylphenyl radical (m/z 107) and 5-ammonium-2hydroxyphenyl radical (m/z 109) signal decay are separable with 2 uncertainty,
where the k1st for the 5-ammonium-2-hydroxyphenyl radical cations is reproducibly
greater by ca. 15%. In the case of trimethylammonium-tagged o-hydroxyphenyl
radical + O2 reactions, the m/z 151 ion population can be completely depleted
by O2 reaction, suggesting that a pure population of trimethylammonium-tagged
o-hydroxyphenyl radicals are formed from PD of the precursor. This observation is
consistent with our previous investigation of trimethylammonium-tagged o-methylphenyl + O2 reaction kinetics17 and may be attributed to the greater number of
internal degrees of freedom from the trimethylammonium substituent thus reducing
the propensity for isomerisation.
Second-order rate coefficients (k2nd , cm3 molecule 1 s 1 ) and reaction efficiencies
( %) derived from fitted pseudo-first order rate coefficients (k1st ) are reported in
Table 5.2. Collision frequencies were calculated using the Langevin collision model.39
Kinetic measurements were conducted at background O2 ([O2 ] = 6.4 ± 0.4 ⇥ 109
molecule cm 3 ) and increased O2 concentrations ([O2 ] = 1.6–2.2 ⇥1011 molecule
cm 3 ). Repeated kinetic measurements provided consistent results and statistical
uncertainties from fitting k1st were typically 2  10%. These results indicate stable
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absolute O2 concentrations within the ion trap as indicated by the linear relationship
between k1st and [O2 ] (Figure 5.17, Section 5.7). However, the uncertainty in the
ion-trap pressure ultimately results in an upper limit of 50% uncertainty in the
trap [O2 ], and consequently, a 50% uncertainty for the reported second-order rate
coefficients and reaction efficiencies in Table 5.2.
Reaction efficiencies for all species reported in Table 5.2 are all approximately
equal to 5%, similar to reported reaction efficiencies for neutral phenyl radicals
and a range of positively charged distonic phenyl radical ions, including trimethylammonium and pyridinium-tagged phenyl radicals,27 and distonic o-methylphenyl
radicals.17 For the 5-ammonium-2-hydroxyphenyl + O2 reaction mechanism discussed further below, proximity of the ortho-OH-substituent to the peroxyl-radical
site in the o-hydroxyphenylperoxyl radical provides a notably low-energy reaction
pathway (refer to Figure 5.6) that competes with dissociation of the peroxyl radical
intermediate toward separated reactants, however, it does not appear to significantly a↵ect measured reaction efficiencies compared to the other values reported in
Table 5.2 and for the phenyl-type radical + O2 reactions cited above. This moderate reaction efficiency of ⇠5%, consistent for a range of phenyl-type radicals,17,27
indicates that the rate of reaction is not controlled by the microcanonical rate for
forward dissociation pathways. Instead, it may result from an entropic bottleneck
after formation of the non-covalent complex between the phenyl radical and O2 (Ref.
67–69 that reflects reaction flux back to the free reactants. More experiments and
insights are required to address this question.

5.4.3

Reaction Mechanism

5.4.3.1

o-Hydroxyphenyl + O2 ! o-BQ + OH

To assist in rationalising the experimental data, enthalpies of key reaction intermediates and transition states were calculated for the neutral and ammonium-tagged
o-hydroxyphenyl + O2 systems using the G3X-K method.40 The potential energy
schematic in Figure 5.6 shows O2 addition, 1,5-H-transfer and subsequent OH elimination to produce the neutral (scheme shown in black) and charge-tagged o-BQ
(shown in blue). Potential energy schemes for other possible reaction processes,
including those involving the hydroxyl-substituted oxepinoxyl radical intermediate,
are also discussed below and provided in the Section 5.7 (Figure 5.8 and Figure
5.20–5.23).
Addition of O2 to the neutral o-hydroxyphenyl radical produces the o-hydroxyphenylperoxyl radical species (N2) that is 49.0 kcal mol 1 below the energy of
separated reactants (N1), as shown in Figure 5.6. Close proximity of the OH substituent to the peroxyl radical site in the o-hydroxyphenylperoxyl radical (N2) al-
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2.6 ⇥ 10 11
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Rate coefficients reported in Ref. 17. Ions of m/z 149 were generated by PD of the 3-bromo-N,N,N,4-trimethylbenzenaminium cation.

5-(N,N,N -Trimethylammonium)2-hydroxyphenyl
5-(N,N,N -Trimethylammonium)2-methylphenyla

5-Ammonium-2-methylphenyl

5-Ammonium-2-hydroxyphenyl

Distonic radical

4.5

4.9
5.5
4.4
4.4
4.4

(%)

Table 5.2. Second-order rate coefficients (k2nd , cm3 molecule 1 s 1 ) and reaction efficiencies ( %) for reactions of PD generated distonic
radical cations with O2 (molecule cm 3 ). Uncertainties are an estimated upper limit of 50% in second-order rate coefficients and reaction
efficiencies. O2 collision frequencies calculated using the Langevin collision model.39
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Figure 5.6. Potential energy schematic depicting the peroxyl ! hydroperoxy
radical isomerisation and subsequent OH elimination for both neutral (black)
and ammonium-tagged (blue) o-hydroxyphenyl + O2 . G3X-K 0 K enthalpies are
provided in kcal mol 1 relative to the respective o-hydroxyphenyl + O2 reactants.
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lows for a 1,5-H shift via TS N2 ! N3 with a small 1.7 kcal mol 1 barrier to the
o-hydroperoxyphenoxyl radical (N3). Elimination of OH from the hydroperoxyl
group in N3 via TS N3 ! N4 (11.5 kcal mol 1 barrier) results in o-BQ + OH
with a reaction exothermicity of 51.9 kcal mol 1 . Comparing this to the chargetagged case, the o-hydroxyphenylperoxyl radical analogue (C2) is 44.8 kcal mol 1
below the energy of the separated reactants (C1). The barrier to the 1,5-H shift
in C2 and subsequent OH loss from C3 is 27.4 kcal mol 1 below reactants and
the resulting 4-ammonium-2-benzoquinone + OH (C4) products are formed with
an exothermicity of 38.9 kcal mol 1 (13.0 kcal mol 1 less than in the neutral case).
As shown by Figure 5.18 in the Section 5.7, the reaction enthalpy for charge-tagged
o-BQ + OH is reduced by separation of the charge tag and ring structure via inclusion of methylene linkages, indicating that di↵erences shown in Figure 5.6 are
(in part) due to a through-space charge e↵ect. Still, intermediates and transition
states for both cases shown in Figure 5.6 are well below the energy of the reactants
and, therefore, OH-elimination is expected to be facile. This mechanism is consistent with the appearance of o-BQ (m/z 108) in neutral flow-tube experiments and
ammonium-tagged o-BQ (m/z 124) in the distonic radical cation experiments.
5.4.3.2

o-BQ ! CPO + CO

The appearance of signal at m/z 80 in the ALS neutral experiments is rationalised
by prompt CO elimination from o-BQ (m/z 108)21 and is supported by distonic
radical cation experiments (Figure 5.4c and d). The potential energy schematic for
CO elimination from o-BQ is provided in Figure 5.7 and Figure 5.19 (Section 5.7)
for the charge-tagged case, with reaction enthalpies reported relative to the o-BQ
species. Shown in Figure 5.7, the pathway via N7 has the lower barrier of 41.9 kcal
mol 1 (-10.0 kcal mol 1 relative to o-hydroxyphenyl + O2 ). An alternate mechanism
via TS N6 ! N8 (Ref. 70) has a higher 43.5 kcal mol 1 barrier. A transition state
for concerted CO loss was located with a 62.6 kcal mol 1 barrier, 10.7 kcal mol 1
in excess of the o-hydroxyphenyl + O2 entrance channel (not shown). The CPO +
CO + OH product is 45.5 kcal mol 1 below the energy of the o-hydroxyphenyl +
O2 reactants.
Figure 5.19 (Section 5.7) shows the potential energy scheme for CO elimination
from ammonium-tagged o-BQ. The mechanisms shown in Figure 5.19a (Section 5.7)
feature barriers that exceed the entrance channel (5-ammonium-2-hydroxyphenyl +
O2 ) by 2.8 kcal mol 1 via TS C6a ! C8 and 6.7 kcal mol 1 via TS C6b ! C8.
In Figure 5.19b (Section 5.7), however, the highest barrier is 35.0 kcal mol 1 via
TS C4 ! C5 (3.8 kcal mol 1 below 5-ammonium-2-hydroxyphenyl + O2 ). The
decomposition reactions shown in Figure 5.19 (Section 5.7) are less likely to proceed
due to the reduced exothermicity of the charge-tagged o-BQ + OH and barriers to
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Figure 5.7. Potential energy schematic for CO loss from o-BQ (N4) along the singlet C6 H4 O2 surface. G3X-K 0 K enthalpies are provided
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decarbonylation approaching the entrance channel limit. Collisional activation of
the charge-tagged o-BQ intermediate should provide the activation energy required
to generate charge-tagged CPO + CO, consistent with a loss of 28 Da from CID
of m/z 124 ions shown in Figure 5.4c. The appearance of a small m/z 96 ion
peak in Figure 5.4b (<1%), prior to isolation of the m/z 124 ion, may result from
decomposition of the high-energy portion of the nascent m/z 124 ion ensemble. It is
likely that further exploration of o-BQ decomposition is required to reveal additional
competitive pathways resulting in CPO + CO.
5.4.3.3

OH-Substituted Phenoxyl and Oxepinoxyl Mechanisms

In the case of unsubstituted phenyl radical oxidation, the direct phenoxyl + O(3 P)
channel and the indirect oxepinoxyl radical decomposition pathways can lead to
CHO, CO, O, and H losses to produce CPO and o-BQ.61,62,64,71–73 To explore the
possible role of phenoxyl and oxepinoxyl pathways here, analogous hydroxy-substituted intermediates and transition states were located along the neutral o-hydroxyphenyl and 4-ammonium-2-hydroxyphenyl radical oxidation schemes. Potential energy schematics are provided in the Section 5.7 (Figure 5.8 and Figure 5.20–5.23).
The O(3 P) loss from hydroxyphenylperoxyl has a 30.6 kcal mol 1 barrier and subsequent decomposition of the o-hydroxyphenoxyl radical (N40, Figure 5.20, Section
5.7) to produce CPO occurs via stationary points that exceed o-hydroxyphenyl +
O2 by as much as 61.1 kcal mol 1 (TS N43 ! N44). In the charge-tagged case,
O(3 P) loss occurs with a 32.0 kcal mol 1 barrier (inset Figure 5.20, Section 5.7) and
the overall barrier to 3-ammonium-cyclopentadienone + H + CO + O(3 P) is 69.9
kcal mol 1 above the reactants. These high reaction barriers are unlikely to compete
with lower energy pathways. As previously mentioned in Section 5.4.1 above, small
quantities of o-hydroxyphenoxyl radicals are likely generated and later react by Hatom addition to produce o-catechol (C6 H4 OHOH, m/z 110). These data together
indicate that generation of CPO from o-hydroxyphenoxyl radicals is unlikely.
Rearrangement of o-hydroxyphenylperoxyl (N2) toward 7-hydroxyoxepinoxyl
(N23) and 6-carboxy-1-oxo-hex-2,4-dienyl radicals (N21) via dioxirane-hydroxycyclohexadienyl intermediates are described in Figure 5.8. The reactions of these
intermediates represent plausible unimolecular pathways to both m/z 80 and 108
ions in the ALS experiments. Reactions toward the 7-hydroxyoxepinoxyl radical
proceeds through TS N2 ! N22 18.1 kcal mol 1 above the barrier to o-BQ (TS
N3 ! N4 in Figure 5.6) with an exothermicity of 102.3 kcal mol 1 . Formation of
the 6-carboxy-1-oxo-hex-2,4-dienyl radical (N21) occurs via TS N2 ! N20 at 11.6
kcal mol 1 above TS N3 ! N4. Reactions of charged-tagged o-hydroxyphenylperoxyl toward hydroxyoxepinoxyl and 6-carboxyoxohexdienyl, shown in Figure 5.21
(Section 5.7), generally parallel those described by Figure 5.8. The rate limiting
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Figure 5.8. Potential energy schematic comparing the OH-cis and OH-trans reaction pathways to the hydroxyoxepinoxyl and 6-carboxy1-oxo-hex-2,4-dienyl intermediates along the neutral o-hydroxyphenyl + O2 reaction surface. The barrier to TS N3 ! N4 (leading to
o-BQ) and reaction enthalpy for the o-hydroxyphenoxyl radical (N40) are included for comparison. G3X-K energies are reported in kcal
mol 1 relative to o-hydroxyphenyl + O2 .
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steps toward the two hydroxyoxepinoxyl (TS3c) and carboxyoxohexdienyl radicals
(TS1c) are 22.2 and 5.1 kcal mol 1 , respectively, above the barrier to charge-tagged
o-BQ (TS C3 ! C4, Figure 5.6).
In the case where either hydroxyoxepinoxyl or carboxyoxohexdienyl radicals are
produced, their decomposition could possibly follow pathways described by Figure
5.22 and 5.23 (Section 5.7). Likely products, by analogy to phenyl radical oxidation,16,63 include o-BQ + OH, CPO + HOCO, 3-hydroxy-2-benzoquinone + H, and
2-hydroxy-cyclopentadienone + HCO with barriers far below the reactants. The
absence of peaks at m/z 96 and 124 within ALS experimental results (Figure 5.1)
and the high barriers to hydroxyoxepinoxyl and carboxyoxohexdienyl intermediates
indicate that at most only a small fraction of the reaction flux follows these channels.
Furthermore, preliminary RRKM modelling of the o-hydroxyphenylperoxyl radical
(N2) decomposition, utilizing MultiWell,45–47 indicates H-migration and OH-loss to
form o-BQ (N4, shown in Figure 5.6) comprehensively outcompetes the pathways
toward hydroxyoxepinoxyl and carboxyoxohexadienyl radicals (shown in Figure 5.8,
N2 toward TS1n and TS4n). The sums of states for salient transition states
and corresponding rate coefficients are provided in Table 5.4 (Section 5.7). The
oxepinoxyl pathways (via TS1n and TS4n) experience comparatively tight transition states with state counts several orders of magnitude lower than any other along
the o-BQ pathway. This is in accord with our previous statement that the prevailing
mechanism is formation of o-BQ via an o-hydroxyperoxylphenoxyl radical intermediate (N3). The appearance of m/z 80 in ALS experiments is explained by o-BQ
decomposition, supported by distonic experiments that show connectivity between
the analogous charge-tagged species.

5.5

Conclusions

Product detection experiments conducted at the ALS synchrotron reveal that the
o-hydroxyphenyl + O2 reaction produces two major products detected at m/z 80
and 108 that are consistent with CPO and o-BQ. We conclude that CPO forms as
a secondary product from prompt decomposition of o-BQ and dissociative ionisation of o-BQ leads to some enhancement of the m/z 80 signal at photoionisation
energies 9.8 eV. There are indications of a minor o-hydroxyphenoxyl + O(3 P)
pathway in the ALS experiments. To establish connections between the major reaction products, distonic radical analogue ammonium-tagged o-hydroxyphenyl +
O2 reactions were studied using ion-trap mass spectrometry. Reactions of the 5ammonium-2-hydroxyphenyl radical cation (m/z 109) with O2 produced product
ions consistent with ammonium-tagged o-BQ produced via O2 addition, H-atom
migration and subsequent OH loss. CID of the m/z 124 ions yielded a species
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assigned ammonium-tagged CPO produced by CO loss.
Second order rate coefficients (k2nd ) for 5-ammonium-2-hydroxyphenyl (m/z 109)
+ O2 were measured to have a 5% reaction efficiency. Additional kinetic measurements for O2 reactions with PD generated 5-ammonium-2-methylphenyl and
5-(N,N,N -trimethylammonium)-2-hydroxyphenyl radical cations and a previous investigation of trimethylammonium-tagged o-methylphenyl + O2 reaction kinetics17
demonstrate for this small set that the identity of the charged-tag and orthosubstituent does not significantly a↵ect the reaction efficiency (ca. 5%).
Quantum chemical calculations are in accord with our experimental observations, where a 1,5-H shift in the o-hydroxyphenylperoxyl adduct and subsequent
OH elimination is the minimum energy pathway for both o-hydroxylphenyl + O2
and the ammonium-tagged counterpart. Decomposition of the o-BQ toward CPO
does encounter large barriers. However, the indication from preliminary kinetic
modelling is that production of o-BQ is the dominant unimolecular pathway.
The prevailing mechanism for decomposition of the o-hydroxyphenylperoxyl radical produced by O2 addition is via 1,5-H migration and OH loss from the hydroperoxyphenoxyl radical intermediate to produce o-BQ. Its decomposition via ring
opening, cyclisation, and CO elimination is the likely pathway to CPO. These proposed pathways to o-BQ and CPO serve as source of OH and CO species in reactive
environments. OH radicals could contribute to chain propagation reactions and affect the hydrocarbon radical pool in low-temperature combustion (<1100 K).74–76
Harmful CO emissions from decarboxylation and other sources (e.g. fuel lean lowtemperature combustion)77–79 are implicated in photochemical cycle producing toxic
tropospheric ozone.80
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5.7
5.7.1

Supporting Information
Synthesis of 4-Hydroxy-3-iodo-N,N,N -trimethylbenzenaminium Iodide

OH

1. sodiumchlorite trihydrate
2. NaI
3. HCl

OH
I

I

OH
I

75 oC

4 hrs o

NO 2

1. NaOH
2. sodium dithionite

NO 2

OH

1. K 2CO 3
2. CH 3I

I

50 oC, reflux 12 hrs

NH 2

N(CH 3)3
I

Scheme 5.3

1)
2,6-Diiodo-4-nitrophenol. (Method from Ref. 81)
To a stirred solution of sodiumchlorite trihydrate (11.6 g, 80 mmol) and NaI (23.9 g,
160 mmol) in water (500 mL) was added 4-nitrophenol (5.56 g, 40 mmol) in methanol
(500 mL) followed by HCl (11.7 M, 100 mL). After 4 hours the reaction mixture was
poured into water (1000 mL) and then extracted with ethyl acetate until the yellow
colouration was mostly gone (3–4 ⇥ 200 mL). The organics were washed with a
saturated aqueous sodium chloride (100 mL) containing sodium thiosulfate (1.0 g),
then dried over sodium sulfate. The volatiles were removed on the rotary evaporator
(to 30 mBar) to give a yellow-brown solid, 14.1 g, 90% yield. 1 H-NMR (400 MHz,
CDCl3 ): 8.65 (s, 2H); The spectral characteristics were in accordance with those
reported in the literature.
2)
4-Amino-2-Iodophenol. (Method from Ref. 82)
To a vigorously-stirred suspension of 2,6-diiodo-4-nitrophenol (13.0 g, 33.3 mmol)
in NaOH(aq.) (25%, 250 mL), was added sodium dithionite (187 g, 1.07 mol) and
the reaction mixture stirred and heated to 75 C, at which temperature the yellow
colouration quickly dissipated. The suspension was then cooled to ambient temperature and quenched with water (500 mL). Repeated extraction of the aqueous
phase with ethyl acetate (5 ⇥ 250 mL) gave an organic phase that was washed with
water (3 ⇥ 200 mL) then saturated aqueous sodium chloride (100 mL) and dried
over sodium sulfate. The volatiles were removed on the rotary evaporator (to 30
mBar) to give a viscous brown oil. The viscous brown oil was purified by column
chromatography on SiO2 (Grace), with hexanes/ethyl acetate (4:1; careful elution
was required to ensure separation from 2,6-diiodo-4-aminophenol, which was a significant by-product), yielding the title compound as a beige solid (4.31 g). 1 H-NMR
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(400 MHz, d6 -DMSO): 9.08 (s, 1H), 6.91 (d, J = 2.4 Hz, 1H), 6.57 (d, J = 8.3 Hz,
1H), 6.42 (dd, J = 8.3, 2.4 Hz, 1H), 4.59 (broad s, 2H). The spectral characteristics
were in accordance with those reported in the literature.
3)
4-Hydroxy-3-iodo-N,N,N -trimethylbenzenaminium iodide (Adapted from the
Ref. 27)
To a reaction vial was added 4-amino-2-iodophenol (141 mg, 0.60 mmol), anhydrous
K2 CO3 (85 mg, 0.62 mmol) and dry MeOH (5.0 mL). Methyl iodide (370 µL, 6.0
mmol) was added and the vial capped and stirred at 50 C for 12 hours. The
solvent was then removed on the rotary evaporator (to 30 mBar) to yield a dark
brown sticky solid. The crude material was dissolved in hot acetonitrile, filtered, and
then precipitated by addition of a greater volume of diethyl ether. The precipitate
was filtered, washed with a minimal amount of diethyl ether and air dried to yield a
dark-grey powder. This material contained a small amount of the anisole derivative,
which could be removed by chromatography of this crude material (silica gel, MeOH)
to give a beige powder; 141 mg (0.35 mmol, 58% yield). 1 H-NMR (400 MHz, D2 O):
8.15 (d, J = 1.2 Hz, 1H), 7.54 (d, J = 9.2 Hz, 1H), 6.88 (dd, J = 9.2, 1.2 Hz, 1H),
3.45 (s, 1H), 3.43 (s, 9H); 13 C-NMR (400 MHz, D2 O): 157.0 (C), 139.3 (C), 130.7
(CH), 121.3 (CH), 115.1 (CH), 83.9 (C), 57.1 (CH3 ); LRMS (ESI+ ) m/z = 278 [M I]+ ; HRMS (ESI+ ) m/z for C9 H13 INO+ [M - I]+ Calculated: 278.0036; Observed:
278.0032.

5.7.2

Supporting Information for Synchrotron Photoionisation
Mass Spectrometry: o-Hydroxyphenyl + O2

The multiplexed photoionisation mass spectrometer is comprised of a reactor flow
tube, quasi-continuous vacuum-ultraviolet (VUV) synchrotron light source and an
orthogonal time-of-flight mass spectrometer. The o-hydroxyphenyl + O2 radical
reaction was initiated within the flow tube by photolysis of o-bromophenol in the
presence of O2 using a pulsed KrF excimer laser (248 nm) operating at 4 Hz with a
fluence of ⇠50 mJ/cm2 . Gas flow velocities within the reactor were as follows: 10.1
m s 1 at 373 K, 13.5 m s 1 at 500 K, and 16.2 m s 1 at 600 K. And, the total gas
flow densities were: 1.0 ⇥1017 molecule cm 3 at 373 K, 7.7 ⇥1016 molecule cm 3 at
500 K, and 6.4 ⇥1016 molecule cm 3 at 600 K.
The kinetic traces in Figure 5.12 show the ion signal rapidly rise following the
photolysis laser pulse at ca. 20 ms and thus, demonstrates the laser dependency of
radical generation. As the temperature of the reactor is raised, because the pressure
and gas delivery parameters are held constant, the volumetric flow rate increases
while the number density decreases. This manifests in faster reactor pump-out times
as indicated by ion signals rapidly dropping at about 50 ms at 500 K (Figure 5.12).
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Figure 5.9. Photoionisation spectra integrated 0–15 ms after 248 nm photolysis
for (a) m/z 80 and (b) m/z 108 from the o-hydroxyphenyl + O2 reaction at 500 K.
Each spectrum is an average of three PI spectra and the 2 statistical uncertainty
is represented by vertical error bars. Reference PI spectra are provided in (a) for
CPO from Ref. 56 and Ref. 57 (873 K).

Figure 5.10. Photoionisation spectra integrated 0–13 ms after 248 nm photolysis
for (a) m/z 80 and (b) m/z 108 from the o-hydroxyphenyl + O2 reaction at 600 K.
Each spectrum is an average of two PI spectra and the 2 statistical uncertainty
is represented by vertical error bars. Reference PI spectra are provided in (a) for
CPO from Ref. 56 and Ref. 57 (873 K).
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Table 5.3. Calculated CBS-QB3 adiabatic ionisation energies for linear C5 H4 O
isomers (m/z 80). None of the C5 H4 O isomers listed have a calculated adiabatic
ionisation energy of 9.8 eV. G3XK enthalpies ( Hf ) provided in kcal mol 1 with
zero-point energy.
C5 H4 O isomer

Cyclopentadienone
(CPO)
penta-1,4-diyn-3-ol
penta-1,2-dien-4-yn-3-ol
pentatetraen-1-ol
pent-2-en-4-ynal
pent-1-en-4-yn-3-one
penta-1,2,4-trien-1-one
penta-1,3,4-trien-1-one
(allenylketene)
pent-1-en-3-yn-1-one
(propynylketene)
pent-1-en-4-yn-1-one

Adiabatic
Ionisation
Energies
CBS-QB3 (eV)
9.4

Literature
Ionisation
Energies (eV)

0

10.4
8.7
8.2
10.0
10.1
8.8
8.2

8.1283

8.4

8.2583

60.2

27.7
29.0

9.0
OH

OH

HO

C
H

H

penta-1,4-diyn-3-ol

Relative Hf
(kcal mol 1 )

H

H
H
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O

H
C C C
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O
O C C C

H
H

pent-2-en-4-ynal

pent-1-en-4-yn-3-one

O
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Figure 5.11. Product mass spectra for o-hydroxyphenyl radical + O2 reaction
integrated from 9.4 to 9.75 eV (left panel: a, b, and c) and 9.85 to 10 eV (right:
d, e, and f) at 373 K (a and d) 020 ms, 500 K (b and e) 0–15 ms, and 600 K (c
and f) 0–13 ms after photolysis.

Chapter 5. Distonic and Neutral o-Hydroxylphenyl Radical + O2

Figure 5.12. Kinetic traces of the ion signal at m/z 80 (red with empty circles)
and m/z 108 (black) for the o-hydroxyphenyl + O2 reaction integrated (a) from
9.4 to 9.75 eV and (b) from 9.85 to 10 eV 500 K. Gas flow velocity was 13.5 m
s 1 and the total gas flow density was 7.7 ⇥1016 molecule cm 3 at 500 K.

Figure 5.13. Kinetic traces of the ion signal at m/z 108 (red) and m/z 110
(black) from the o-hydroxyphenyl + O2 reaction integrated 9.0 to 10.0 eV at 600
K. The gas flow velocity was 16.2 m s 1 and the total gas flow density was 6.4
⇥1016 molecule cm 3 at 600 K.
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Supporting Information for Ion-Trap Mass Spectrometry: Distonic o-Hydroxyphenyl + O2

Radical precursor ions were generated by infusing methanolic solutions of ca. 10 µM
of 3-bromo-4-methylaniline ([M + H]+ at m/z 186 and 188) or 3-iodo-4-hydroxyN,N,N -trimethylbenzenaminium iodide ([M + H]+ at m/z 278) into the electrospray
ion source at 5 µL min 1 . The resulting cations were mass-selected using an isolation
window of 5–6 Th for brominated, and 1–2 Th for the iodinated cations with a qfactor of 0.250.

Relative Abundance
Relative Abundance

107

100
(a)
80
60
40
20
0
80 90

100
278
(b)
PD
80
151
16
60
O2 (2000 ms)
166
40
20
0
120 130 140 150 160 170 180 190 200 210 220
m/z

186 and 188
PD
107
16

O2 (2000 ms)

122
100 110 120 130 140 150 160 170 180
m/z

151

Figure 5.14. Mass spectrum (a) is produced by PD of 3-bromo-4-methylbenzenaminium (m/z 186 and 188) and isolation of the resulting m/z 107 ion in the
presence of background O2 ([O2 ] = 6.4 ± 0.4 ⇥109 molecules cm 3 ) for 2000
ms and (b) by PD of 3-iodo-4-hydroxy-N,N,N -trimethylbenzenaminium cations
(m/z 278) and isolation of the resulting m/z 151 ion in background O2 ([O2 ] =
6.6 ± 0.3 ⇥109 molecules cm 3 ) for 2000 ms.

Equation 5.1 was fitted to experimental data (e.g. Figure 5.15 and 5.16) for
decay of m/z 107 and 151 radical cations by reactions with O2 . Experimental data
was found to be consistent with pseudo-first order kinetic behaviour. Residuals
from the fitting of Equation 5.1 also are provided in Figure 5.13 and 5.14 above the
respective kinetic plots. The second-order rate coefficient (k2nd ) for m/z 151 and
107 radical cation decay are provided in Table 5.2 in the main document.
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Equation 5.1 is repeated here for the reader
y = A0 exp( k1st t) + constant

(5.1)

residual

where A0 is the pre-exponential factor, k1st is the exponential decay coefficient, and
the constant term presents the vertical-o↵set.
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Figure 5.15. Example kinetic curves for m/z 107 (solid green circles), from PD
of 3-bromo-4-methylbenzenaminium cation, from reactions with (a) background
O2 (6.4 ⇥109 molecules cm 3 ) and (b) increased O2 (1.9 ⇥1011 molecules cm 3 ).
Residual plots from the fitting of Equation 5.1 is provided above.
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Figure 5.16. An example kinetic curves for m/z 151 (solid purple circles), from
PD of 3-iodo-4-hydroxy-N,N,N -trimethylbenzenaminium cations, reactions with
background O2 (6.6 ⇥109 cm 3 ). A residual plot from the fitting of Equation 5.1
is provided above.
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Figure 5.17. A plot of the measured pseudo-first order rate coefficients (k1st )
versus measured [O2 ] for m/z 109 ions (solid blue diamonds), from PD of 3bromo-4-hydroxybenzenaminium cations, and m/z 107 (green circles), from PD
of 3-bromo-4-methylbenzenaminium cations. The error bars in k1st are 2 and
the linear regression uses 50% uncertainty for [O2 ]. The slope of the fitted lines
for m/z 109 (solid) and m/z 107 (dashed) are in accord with reported k2nd in
Table 5.2 in the main document.
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Supporting Information for Computational Chemistry
and Reaction Mechanism

To determine whether a through-space e↵ect from the positively charged ammonium
could account for the 13.0 kcal mol 1 di↵erence in reaction enthalpy shown in Figure 5.6 (main document) we employed an approach undertaken by Grob et al.84
and used again more recently85,86 for understanding the e↵ect of a change tag on
a property of interest. In this investigation the reaction enthalpies for a series
of H3 N+ – (CH2 )n -tagged o-hydroxyperoxyl ! o-BQ + OH reactions were calculated using the M06-2X/6-311++G(d,p) method, where the number methylene
links (n = 0 to 7) was increased in a zig-zag configuration to progressively separate the ammonium tags from the ring structures. The dihedral angle between the
H3 N+ – (CH2 )n substituent and the o-hydroxyphenylperoxyl, and o-BQ ring structures was maintain at ⇠90 . Charge separation (r) was measured between the
ammonium-nitrogen and hydroxy-oxygen of the respective H3 N+ – (CH2 )n -tagged
o-hydroxyphenylperoxyl radical. The reaction enthalpies plotted in Figure 5.18 decrease linearly with 1/r and approach the reaction enthalpy for neutral o-hydroxyperoxyl ! o-BQ (-0.9 kcal mol 1 ), as can be expected for though-space charge
e↵ects. The reported 0 K enthalpies in Figure 5.18 were calculated using the M062X/6-311++G(d,p) method and include the zero-point energy correction.
The N4 ! N5 ! N6 ! N8 CO elimination mechanism in Figure 5.7 (main
document) was applied to the ammonium-tagged o-BQ decomposition as C4 ! C5
! C6a ! C8 and C4 ! C5 ! C6b ! C8 as shown Figure 5.19. These mechanisms feature barriers that exceed the energy of 5-ammonium-2-hydroxyphenyl +
O2 by 2.8 kcal mol 1 via TS C6a ! C8 and 6.7 kcal mol 1 via TS C6b ! C8.
When the alternate mechanism in Figure 5.7 (i.e. via N7) is applied to the distonic system, greater di↵erences between the neutral and distonic systems emerge.
A mechanism was found that connects via TS C5 ! C7 without transmitting
through the C6a or C6b intermediates. Also, CO may eliminate from the C5 to
produce the ammonium-tagged CPO (m/z 96). The reaction barrier for the last two
mechanisms is 35.0 kcal mol 1 (3.8 kcal mol 1 below 5-ammonium-2-hydroxyphenyl
+ O2 ).
Figure 5.20 shows the formation of the o-hydroxyphenoxyl radical via O(3 P)
elimination and subsequent CO loss to generate CPO. Elimination of O(3 P) from
o-hydroxyphenylperoxyl requires 30.6 kcal mol 1 to produce OH-cis o-hydroxyphenoxyl and 39.3 kcal mol 1 for OH-trans o-hydroxyphenoxyl radicals (a di↵erence of
8.7 kcal mol 1 ). The loss of CO from o-hydroxyphenoxyl results in a OH-substituted
cyclopentadienyl radical87 that eliminates the hydroxy-H atom to produce CPO.88
The reaction barrier to CPO + H + CO + O(3 P), via o-hydroxyphenoxyl, exceeds
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Figure 5.18. Reaction enthalpies (0 K) for H3 N+ – (CH2 )n tagged o-hydroxyphenylperoxyl (C2) ! o-BQ + OH reduced linearly as a function of 1/r and
converged toward that for the corresponding neutral reaction (-0.9 kcal mol 1 ).
When n = 7, the di↵erence is ⇠0.2 kcal mol 1 . Structures were calculated using
the M06-2X/6-311++G(d,p) method and are reported in kcal mol 1 relative to
the H3 N+ – (CH2 )n – C6 H3 (OH)OO• homologue series.
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Figure 5.19. Potential energy schematics for (a) CO elimination mechanism
proposed by Skokov et al. (Ref. 70) as applied to the ammonium-tagged o-BQ
and (b) additional pathways that also result in tagged CPO + CO. Coloured
pathways indicate which of the two carbonyl groups in o-BQ is eliminated: Red
for the para-carbonyl and blue for the meta-carbonyl group. G3X-K energies are
reported in kcal mol 1 relative to 4-ammonium-2-benzoquinone.
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the energy of o-hydroxyphenyl + O2 by 61.1 kcal mol 1 . Within the corresponding distonic radical ion scheme, reactions leading to OH-cis ammonium-tagged ohydroxyphenoxyl proceed with a 32.0 kcal mol 1 barrier (7.5 kcal mol 1 below the
corresponding OH-trans barrier) and with a overall reaction barrier 69.9 kcal mol 1
above the distonic o-hydroxyphenyl + O2 reactants. These high barriers may be
surmounted at high temperatures, e.g. in combustion, however, may be prohibitive
under the experimental conditions reported here without additional activation.
Figure 5.8 (main document) shows the potential energy schematic for reactions
of o-hydroxyphenylperoxyl (N2) toward 7-hydroxyoxepinoxyl (N23) and 6-carboxy1-oxo-hex-2,4-dienyl radicals (N21) via dioxirane-hydroxycyclohexadienyl intermediates. Formation of the 6-carboxy-1-oxo-hex-2,4-dienyl radical (N21) is initiated
via TS N2 ! N20 with a barrier 11.6 kcal mol 1 above TS N3 ! N4 (Figure
5.6 in the main document). Projection of imaginary frequency normal modes for
succeeding TS3n and TS4n reveal another possible first-order saddle point on the
reaction surface. The TS2n IRC was calculated and was found to proceed through a
1,4-H atom shift and C-C bond cleavage to produce 6-carboxy-1-oxo-hex-2,4-dienyl
with 97.1 kcal mol 1 activation.
Reactions toward 7-hydroxyoxepinoxyl proceed through the rate limiting TS
N2 ! N22 with a 27.7 kcal mol 1 barrier. This transition state exceeds the rate
limiting step toward o-BQ by 18.1 kcal mol 1 at 0 K. Cleavage of the O-O bond in
N22 through TS3n is accompanied by O-atom ring insertion (TS4n) to produce
7-hydroxyoxepinyl with 102.3 kcal mol 1 activation. By analogy to o-methyphenyl
+ O2 ,16 both 3-hydroxyoxepinoxyl and 7-hydroxyoxepinoxyl radicals are expected
after bifurcation89 of the reaction surface after TS3n. However, projection of the
imaginary frequency normal mode in TS3n and the subsequent TS4n suggest the
presence of a first-order saddle point at TS4n that exceeds TS3n in energy with
ZPE correction and not a point for bifurcation.
Reaction processes of the charged-tagged o-hydroxyphenylperoxyl toward hydroxyoxepinoxyl and 6-carboxyoxohexdienyl radicals in Figure 5.21 generally parallel
those described by Figure 5.8 for the neutral reaction scheme. The sequential TS3c
(-5.2 kcal mol 1 ) and TS4c (30.7 kcal mol 1 ), succeeding the OH-trans dioxiranyl intermediate (C22), represent a bifurcation of the potential energy surface toward the
4-ammonium-7-hydroxyoxepinoxyl radical (C23) and new 6-ammonium- 3-hydroxyoxepinoxyl radical (C24). In addition, the rate limiting TS3c is 22.2 kcal mol 1
above TS C3 ! C4 (Figure 5.6). Production of the ammonium-tagged carboxyoxohexdienyl radical is more competitive then the hydroxyoxepinoxyl intermediate
with the rate limiting TS1c just 5.1 kcal mol 1 greater than TS C3 ! C4.
Informed by Kirk et al.,27 the 7-hydroxyoxepinoxyl and 3-hydroxyoxepinoxyl
radicals can possibly decompose to generate o-BQ and CPO, including hydroxy-

C2
-44.8

N2
-49.0

OO
OH

OH

3
O + O( P)

NH 3

+ O(3P)

O

OH

OO

N40
-18.4

HO

46.3

CO

+

N45
23.9

N42
28.6

OH

NH 3

3
O + O( P)

O(3P)

29.2

+ O(3P)

CO

C40
-12.8

OH

HO

OH
+ CO + O(3P)

N43
8.2

O
+ H + CO + O(3P)

N44
56.2

Figure 5.20. Potential energy schematic for O(3 P) and subsequent CO loss from o-hydroxyphenoxyl, followed by H-atom elimination to
generate the CPO + H + CO + O(3 P) product (N44). The corresponding O(3 P) loss on the charge-tagged reaction surface is provided as an
inset. Energies were calculated using the G3X-K composite method and reported in kcal mol 1 relative to the respective o-hydroxyphenyl
+ O2 .

N1
0.0

OH

+ O2

41.1

N41
41.1

49.1

61.1

Chapter 5. Distonic and Neutral o-Hydroxylphenyl Radical + O2
127

C21
-97.3

O

O

OH

H

C20
-31.6

O

O
O

-22.0

OO

C2
-44.8

OH

NH 3

-16.9
O

HO

H 3N

C22
-27.1

H

NH 3

C23
-99.0

O

O
O

O

TS4c
-17.8

C24
-93.4

HO

H 3N

O

O

Figure 5.21. Potential energy schematic comparing the OH-cis and OH-trans reaction pathways to the ammonium-tagged hydroxyoxepinoxyl and 6-carboxy-1-oxo-hex-2,4-dienyl intermediates along the charge-tagged o-hydroxyphenyl + O2 reaction surface. The reaction
enthalpy for the tagged o-hydroxyphenoxyl radical (C40) is also included for comparison. G3X-K energies are reported in kcal mol 1
relative to 5-ammonium-2-hydroxyphenyl + O2 .

H 3N

TS2c
-26.0

TS1c
-22.3

NH 3

C40 -12.8

TS3c
-5.2

Chapter 5. Distonic and Neutral o-Hydroxylphenyl Radical + O2
128

Chapter 5. Distonic and Neutral o-Hydroxylphenyl Radical + O2

129

substituted equivalents via the pathways described in Figure 5.22 and Figure 5.23.
In Equation 5.3, k(E) is the rate coefficient for a unimolecular process with
the total energy of E, which is taken as the energy of the o-hydroxyphenyl + O2
reactants. The N ‡ (E E0 ) term is the sum of states for a transition state with the
critical energy of E0 up to the total energy and ⇢(E) is the density of states for the
reactant intermediate for the total energy.

k(E) =

N ‡ (E E0 )
h ⇢(E)

(5.3)
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Figure 5.22. Potential energy schematic showing decomposition pathways for 7-hydroxyoxepinoxyl and 6-carboxy-1-oxo-hex-2,4-dienyl
toward o-BQ + OH and CPO + HOCO. G3X-K energies are reported in kcal mol 1 relative to o-hydroxyphenyl + O2 .
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k(E) (s 1 )
2.73 ⇥1012
9.88 ⇥108
2.53 ⇥107
6.60 ⇥1011
1.12 ⇥1012
9.04 ⇥1011
1.35 ⇥1011
3.77 ⇥1011
4.66 ⇥1010

2.97 ⇥1016
5.06 ⇥1016
1.23 ⇥1014
1.83 ⇥1013
3.79 ⇥1012
4.70 ⇥1011

! 2-hydroperoxyphenoxyl radical (N3)
! OH-cis dioxiranyl radical (N20)
! OH-trans dioxiranyl radical (N22)
! o-benzoquinone (N4) + OH
! 2-hydroxyphenylperoxyl radical (N2)
! 6-carboxyoxohexdienyl radical (N21)
! 2-hydroxyphenylperoxyl radical (N2)
! 7-hydroxyoxepinoxyl radical (N23)
! 2-hydroxyphenylperoxyl radical (N2)

2-hydroperoxyphenoxyl radical (N3)

OH-cis dioxiranyl radical (N20)

OH-trans dioxiranyl radical (N22)

Reaction Process
2-hydroxyphenylperoxyl radical (N2)

N ‡ (E E0 )
5.06 ⇥1016
1.83 ⇥1013
4.70 ⇥1011

Table 5.4. The sum of states for the transition structures (i.e. N ‡ (E E0 )) and the energy dependent rate coefficient from Equation 5.3
are provided for salient unimolecular processes from 2-hydroxyphenylperoxyl radical toward o-BQ, hydroxy-oxepinoxyl and carboxyoxohexdienyl radicals.

Chapter 5. Distonic and Neutral o-Hydroxylphenyl Radical + O2
132

Chapter 5. Distonic and Neutral o-Hydroxylphenyl Radical + O2

5.8

133

Corrections

Corrections for ‘Formation and stability of gas-phase o-benzoquinone from oxidation
of ortho-hydroxyphenyl: a combined neutral and distonic radical study’ by Matthew
B. Prendergast et al., Phys. Chem. Chem. Phys., 2016, 18, 4320–4332.
Page, paragraph, line and figure numbers reference the publication reproduced as
Appendix B. Corrections are implemented in this Chapter 5.
Erratum in page 4324, Table 1:
– The calculated adiabatic ionisation energy for catechol was incorrectly transcribed as “8.14 [eV]” and should be read as “8.22 [eV]”.
A photoionisation onset for the m/z 110 ion signal was not measured between
9.0–10.2 eV. The assignment of catechol to m/z 110 is rationalised via H-abstraction
by the o-hydroxyphenoxyl radical (m/z 109) to produce o-catechol (C6 H4 OHOH,
m/z 110).
Erratum in page 4325, paragraph 1 of Section 3.2, line 2:
– “3-bromo-4-hydroxybenzaminium”
should read “3-bromo-4-hydroxybenzenaminium”
Erratum in page 4326, figure caption to Figure 5, line 1:
– “3-bromo-4-hydroxybenzaminium”
should read “3-bromo-4-hydroxybenzenaminium”
Erratum in page 4326, paragraph 2 of Section 3.2.1, line 5–7:
– The text “...The k1st values for m/z 109 signal decay and m/z 124 signal
growth are in agreement (e.g., in Fig. 5a, 1.9 ± 0.2 s 1 compared to 1.8 ± 0.1
s 1 within 2 ) ...”
should read “...The k1st values for m/z 109 signal decay and m/z 124 signal
growth are in agreement (e.g., in Fig. 5a, 0.19 ± 0.02 s 1 compared to 0.18 ±
0.01 s 1 within 2 ) ...”
The pseudo-first order rate coefficient for appearance of m/z 124 from chargetagged o-hydroxyphenyl + O2 is still in agreement with the m/z 109 ion signal
decay. This is consistent with m/z 124 being the dominant reaction product.
Erratum in page 4329, Figure 8:
– The 0 K G3X-K enthalpy for TS4n was incorrectly transcribed as “-26.0 [kcal
mol 1 ]” and should read “-23.0 [kcal mol 1 ]”.
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The overall barrier to 7-hydroxy-oxepinoxyl radical (N23) along the potential
energy scheme in Figure 8 is still -21.3 kcal mol 1 at TS N2 ! N22 with respect to
reactants. The relative positioning of the TS4n marker is correct. In addition, the
sum of states for transition structures and the energy dependent rate coefficients in
Table S2 (above: Table 5.4) were calculated with the correct barriers.
Erratum in page 10 of the Supporting Information, figure caption to
Figure S7, line 1:
– “3-bromo-4-methylbenzaminium”
should read “3-bromo-4-methylbenzenaminium”
Erratum in page 10 of the Supporting Information, figure caption to
Figure S7, line 2:
– The unit “cm 3 ” was incorrectly transcribed as “cm=3 ” in both figure captions
for the publication.
Erratum in page 11 of the Supporting Information, figure caption to
Figure S8, line 2:
– The unit “cm 3 ” was incorrectly transcribed as “cm=3 ” in both figure captions
for the publication.
Erratum in page 11 of the Supporting Information, figure caption to
Figure S9, line 2:
– “3-bromo-4-hydroxybenzaminium”
should read “3-bromo-4-hydroxybenzenaminium”
Erratum in page 11 of the Supporting Information, figure caption to
Figure S9, lines 2–3:
– “3-bromo-4-methylbenzaminium”
should read “3-bromo-4-methylbenzenaminium”
Erratum in page 14 of the Supporting Information, figure caption to
Figure S11, line 1:
– The text “Shokov et al” should read “Skokov et al.”
Erratum in page 17 of the Supporting Information, paragraph 3, line 1:
– “o-hydroxphenylperoxyl” should read “o-hydroxyphenylperoxyl”
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Chapter 6
Neutral
o-Methylphenyl Radical + C3H4
6.1

Introduction

Elucidating the key formation pathways of fused-ring structures and polycyclic aromatic hydrocarbons (PAHs), from radical-molecule reactions, is essential to understanding soot formation1 and molecular weight growth in the interstellar medium.2
Reactions of phenyl radicals (C6 H5 ) with small hydrocarbons (e.g. C2 H2 and C4 H4 )
are plausible contributors to ring-growth processes forming PAHs.3–8
Studies of phenyl radical reactions with allene and propyne have identified Hatom and CH3 -loss channels from the phenyl–C3 H4 adduct.9–13 In single-collision
crossed beam and photoionisation studies, indene + H is identified as the dominant product channel.9–11 Transition state theory and RRKM-master equation analyses12,13 predict that indene + H should dominate under conditions of the interstellar medium (i.e. <500 K and below 10 4 Pa). However, at conditions relevant
to flames (>1000 K), products include allenyl-benzene + H and ethynyl-benzene +
CH3 .
Chapters 3 and 4 demonstrated that an ortho-methyl substituent can directly
influence phenyl radical reactions with molecular oxygen. The ortho-methyl substituent provides a labile H-atom to the proximal peroxyl group that is inaccessible
for meta- and para-methylphenyl radicals after O2 addition. In this chapter, we
extend on this study to investigate C3 H4 as the co-reactant.
To date, there are no reported studies on the reactions of o-substituted phenyl
radicals with small unsaturated hydrocarbons, such as allene and propyne (C3 H4 ).
Studies of m- and p-methylphenyl radical reactions with C3 H4 (Ref. 14) and C4 H4
(Ref. 7 and 8), for example, show the m- and p-methyl substituents are essentially
spectators of the unimolecular reactions after adduct formation. Here, we report the
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reactions of o-methylphenyl with allene and propyne using multiplexed photoionisation mass spectrometry. This synchrotron-based technique combines a flow reactor,
time-of-flight mass spectrometry, and VUV photoionisation to allow detection of
reaction products with kinetic and isomeric resolution. We show that addition reactions of o-methylphenyl radicals with allene and propyne result in H atom and CH3
loss. But, unlike with phenyl radical reactions, the products include two bicyclic
products as indene + CH3 and dihydronaphthalene + H, which demonstrate that an
ortho-methyl substituent can directly influence the radical reaction. Results suggest
indene + CH3 is the predominant product set for o-methylphenyl + propyne, and
not for allene reactions. Plausible reaction pathways are examined with quantum
chemical calculations.

6.2
6.2.1

Experimental
Multiplexed Photoionisation Mass Spectrometry

Reactions were investigated using multiplexed photoionisation mass spectrometry15,16
with VUV synchrotron radiation at the Chemical Dynamics Beamline,17–19 Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, USA.
The multiplexed photoionisation mass spectrometer comprises a quartz flow
tube reactor, di↵erentially pumped vacuum chamber, photoionisation source (i.e.
synchrotron radiation), and an orthogonal time-of-flight mass spectrometer. Photolysis of o-iodotoluene with 248 nm radiation from a pulsed KrF excimer laser,
operating at 4 Hz and a fluence of approximately 50 mJ cm 2 , was used to generate
o-methylphenyl radicals within the reactor from C-I bond homolysis. A 650 µm
diameter hole allowed gas to continuously e↵use from the quartz slow-flow reactor
into a di↵erentially pumped vacuum chamber. This gas was sampled by a skimmer
to create a near-e↵usive molecular beam that is intersected orthogonally by quasicontinuous vacuum-ultraviolet (VUV) synchrotron radiation. Photo-ionisable species within the molecular beam were then detected using a 50 kHz pulsed orthogonalextraction time-of-flight mass spectrometer.
Reactions were conducted with the reactor maintained at 600 K and 4 Torr (533
Pa). The temperature profile of the reactor is such that the 20 cm length above the
pinhole is maintained at the set temperature, which corresponds to a reaction time
of 0–50 ms for a gas flow velocity of 4 m s 1 . o-Iodotoluene, C3 H4 gas (either allene
or propyne), and He gas are supplied to the reactor through separate mass-flow
controllers at a total rate of 50 sccm. The o-iodotoluene sample was entrained in He
gas using a fritted bubbler with the liquid sample maintained at 19 C (292.15 K) and
about 400 Torr (53.3 kPa). The vapour pressure of o-iodotoluene is calculated to be
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295 mTorr (39.3 Pa) at 292.15 K using Antoine parameters derived from Stull.20 The
number densities within the reactor at 600 K and 4 Torr were 6.2 ⇥ 1012 molecule
cm 3 for o-iodotoluene, 2.1 ⇥ 1016 molecule cm 3 of either allene or propyne, and
4.3 ⇥ 1016 molecule cm 3 for He bu↵er gas. The total number density was 6.4 ⇥ 1016
molecule cm 3 at 600 K and 4 Torr.
Commercial samples of indene, 1,2-dihydronapthalene, and 2-methylindene were
used to obtain reference PI spectra (Sigma Aldrich). The samples were entrained in
He gas using a fritted bubbler and supplied to the reactor with additional He gas at
an overall rate of 50 sccm at 600 K to acquire relative PI spectra.
All photoionisation data are normalised to the ALS photocurrent measured with
a NIST-calibrated photodiode (SXUV-100, International Radiation Detectors Inc.).
Ion signal acquired 20 ms before laser photolysis is background subtracted from the
normalised data set so the resulting data is the result of photolysis and subsequent
reactions. The PI spectra presented herein are the average of three individual acquisitions normalised to the integral over the spectrum, with vertical error bars
representing 2 statistical uncertainty. Mass spectra and kinetic traces present the
co-addition of at least three separate acquisitions of at least 900 laser pulses.

6.2.2

Computational Chemistry

Reaction enthalpies and adiabatic ionisation energies are calculated from electronic
and zero-point energies computed in Gaussian 09.21 The M06-2X density functional
theory22 with 6-311++G(d,p) basis was used for calculating reaction enthalpies and
barriers at 0 K.
The CBS-QB3 method23,24 was used to calculate adiabatic ionisation energies
(AIEs) and relative enthalpies for sets of 78 Da (C6 H6 ), 116 Da (C9 H8 ), and 130 Da
(C10 H10 ) isomers. Enthalpies are reported in kcal mol 1 and AIE are reported in
electron volts (eV). Both are 0 K electronic energies and include the zero-point
energy correction. Stationary points were classified as either minima (no imaginary
frequencies) or transition states (one imaginary frequency). The assignment of a
transition state between minima was verified by IRC calculations.25

6.3
6.3.1

Results and Discussion
o-Methylphenyl + C3 H4

Figure 6.1 (a) and (b) are product mass spectra from 248 nm photolysis of o-iodotoluene in the presence of either (a) allene or (b) propyne gas within the flow reactor.
These mass spectra are integrated 0–50 ms after photolysis at 600 K, acquired at
a PI energy of 9.325 eV. Background m/z 90 and 92 signals result from photolysis
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Figure 6.1. Product mass spectra at 9.325 eV integrated 0–50 ms after 248 nm
photolysis of o-iodotoluene in the presence of (a) allene and (b) propyne at 600 K
and 4 Torr. These mass spectra are background subtracted with the average of
20 ms pre-laser signal. Both mass spectra are normalised so the intensity of the
m/z 92 signal is 100 arbitrary units.
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of o-iodotoluene. These were assigned to fulvenallene and toluene by comparing
PI spectra with an integrated mass-selected threshold photoelectron spectrum for
fulvenallene (C7 H6 , 90 Da)26 and reference PI spectrum for toluene (C7 H7 , 92 Da).27
Laser-dependent ion signal at m/z 39, 40 and 78 were not the result of o-methylphenyl radical reactions with either allene or propyne. The assignments of m/z 39,
40 and 78 are discussed in Section 6.5 and are propargyl radical (CHCCH2 , 39 Da),
allyl radical (CH2 CHCH2 , 41 Da), and a mixture of C6 H6 including fulvene and
benzene.
In both Figure 6.1 (a) and (b), reaction products appeared at m/z 116 and 130
and attributed to reactions of the o-methylphenyl radical with either (a) allene or
(b) propyne.
It is worth noting that the relative ion intensity of m/z 130 from o-methylphenyl
+ allene in Figure 6.1(a) is significantly greater than the corresponding signals in
Figure 6.1(b). Also, the relative intensity of m/z 116 from propyne reactions in
Figure 6.1(b) is greater than in Figure 6.1(a). As discussed later, the relative di↵erence in ion signal intensities may infer di↵erent product branching ratios between
o-methylphenyl + allene and o-methylphenyl + propyne reactions.
Table 6.1. Measured PI thresholds for detected ion signals compared to CBSQB3 adiabatic ionisation energies (AIEs) for the assigned species. Literature
ionisation energies are provided and marked according to the technique of measurement. PE values were obtained from photoelectron spectroscopy and EI values
from electron impact techniques.
Species

m/z
39

Measured
AIE (eV)
8.65

Calculated
AIE (eV)
8.7

propargyl radical
(CHCCH2 )
allyl radical
(CH2 CHCH2 )
fulvene

41

8.10

8.2

78

8.40

8.4

indene

116

8.15

8.2

1,2-dihydronaphthalene
1,4-dihydronaphthalene

130
130

7.95
8.65

8.0
8.6

Literature
values (eV)
8.67 ± 0.02
(PE)28
8.13 ± 0.02
(PE)29
8.36 ± 0.02
(PE)29
8.15 ± 0.015
(VIE, PE)29
8.14 (EI)30

Figure 6.2 shows PI spectra for m/z 116 ion signal from reactions with allene
and propyne. Both PI spectra are well matched to the relative PI spectrum for
indene (C9 H8 , 116 Da), which was acquired on the same instrument and included
in Figure 6.2. The PI signal onset at 8.1 eV also agrees with the calculated and
literature IE for indene in Table 6.2. This leads us to conclude that indene is the
sole 116 Da isomer detected between 7.800–9.325 eV. Using the m/z 92 ion signal
in Figure 6.1 as a relative standard between allene and propyne reactions we can
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Figure 6.2. Average PI spectra of m/z 116 from o-methylphenyl + allene (open
red circles) and o-methylphenyl + propyne (open black triangles). A reference
PI spectrum for an indene sample is shown (solid purple line).

conclude that the relatively large m/z 116 ion signal intensity for o-methylphenyl
+ propyne reactions correspond to a greater indene + H yield than reactions with
allene.
The m/z 130 PI spectra from reactions with allene and propyne are included in
Figure 6.3 with a reference PI spectrum for 1,2-dihydronaphthalene (C10 H10 , AIE =
8.0 eV) acquired on the same instrument. In the propyne case, the match is compelling across the PI energy range in Figure 6.3 and the m/z 130 signal is assigned
exclusively to 1,2-dihydronaphthalene. However, in the allene case, there appears to
be a detectable amount of 1,4-dihydronaphthalene since the m/z 130 PI spectrum
from allene reactions is well matched between 8.000–8.600 eV but systematically
deviates at photon energies >8.6 eV. This deviation at 8.6 eV corresponds to the
AIE of 1,4-dihydronaphthalene (AIE = 8.6 eV) in Table 6.1. Unfortunately, it is
difficult to acquire high purity samples of 1,4-dihydronaphthalene from commercial
sources so there is no reference PI spectrum.
A reference PI spectrum for 2-methylindene (130 Da, AIE = 7.9 eV) acquired on
the same instrument is included in Figure 6.12, Section 6.5. The PI onset at 7.8 eV
appears earlier than the m/z 130 PI spectra in Figure 6.3. The poor match between
the PI spectrum for 2-methylindene and the m/z 130 PI spectra from reactions
with propyne and allene suggest that 2-methylindene is not produced in significant
quantities to a↵ect the m/z 130 ion signal.
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Figure 6.3. Average PI spectra of m/z 130 from o-methylphenyl + allene (open
red circles) and o-methylphenyl + propyne (open black triangles). A reference
PI spectrum for a 1,2-dihydronaphthalene sample is shown (solid purple line).

The AIE and relative enthalpies for a set of C10 H10 isomers were calculated and
included in Table 6.3 to identify plausible contributors toward ion signal at >8.6 eV
from reactions with allene. Calculated AIEs for methylindene isomers match the
onset for both m/z 130 PI spectra in Figure 6.3. However, m/z 130 signal for
reactions with propyne is assigned to 1,2-dihydronaphthalene and only 1,4-dihydronaphthalene in Table 6.3 has a calculated AIE at 8.6 eV. Both 2-propynyl-toluene
and 2-propadienyl-toluene have AIE between 8.000–9.325 eV but their relative enthalpies are comparatively high and therefore unlikely to form on the basis of a
thermodynamic argument.

6.3.2

Reaction Mechanisms

To assist rationalisation of these experimental results, the relative enthalpies for key
intermediates and transition states were calculated for both o-methylphenyl + allene
and o-methylphenyl + propyne using M06-2X/6-311++G(d,p). As demonstrated
by previous studies on ortho-substituted phenyl radical oxidation,31,32 the orthosubstituent is expected to participate in the reaction and a↵ect the final product
distribution. In the schemes below, A denotes stationary points from o-methylphenyl + allene, P for reactions with propyne, and C for stationary points common
to both C3 H4 cases, accessible from C1 as shown later in Figure 6.10 and Figure
6.11.

Chapter 6. Neutral o-Methylphenyl Radical + C3 H4

3.1

+

150

4.5

P0
-0.2
-12.3

-12.7
P3
-17.3

P2
-35.5

P1
-41.0

Figure 6.4. Potential energy schematic for adduct formation and isomerisation
between P1 and P2 propyne adducts from o-methylphenyl + propyne (P0).
M06-2X 0 K enthalpies reported in kcal mol 1 relative to o-methylphenyl +
allene (A0).

Figure 6.4 shows two possible intermediates from o-methylphenyl + propyne
(P0) at -41.0 kcal mol 1 for P1 and -35.5 kcal mol 1 for P2 relative to the separated
o-methylphenyl radical and allene reactant (A0). Isomerisation between P1 and
P2 is mediated by TS P2!P3 at -12.3 kcal mol 1 . The barriers toward propyne
addition and formation of P1 and P2 from P0 in Figure 6.4 are within 0.5 kcal
mol 1 of the corresponding barriers toward A1 and A2 from A0 in Figure 6.7.
-27.6

-29.5

-35.4
P1
-41.0

+ CH 3
C4, m/z 116
-41.4

P4
-54.8

P5
-71.1

Figure 6.5. Potential energy schematic for reactions of the P1 to indene + CH3
(C4). This mechanism is in accord with propyne-d 4 experimental data (mass
spectrum in Figure 6.17). M06-2X 0 K enthalpies reported in kcal mol 1 relative
to o-methylphenyl + allene (A0).

If the P1 intermediate is produced directly by propyne addition, it can rearrange
and decompose to indene + CH3 via a 1,5-H atom shift, cyclisation via the limiting
TS P4!P5 at -27.6 kcal mol 1 , and subsequent CH3 loss as shown in Figure 6.5.
This mechanism is consistent with o-methylphenyl + propyne reactions repeated
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with propyne-d 4 (44 Da). The resulting mass spectrum in Figure 6.17 shows an ion
at m/z 117, a 1 Da shift (C9 H7 D) from m/z 116 (C9 H8 ) that is consistent with CD3
loss.
Figure 6.6 shows an alternate pathway from P4 toward 1,2-dihydronaphthalene
+ H via P6 and P7. The limiting TS P6!P7 at -2.9 kcal mol 1 approaches the
energy of P0 at -0.2 kcal mol 1 and therefore unlikely to compete with formation
of indene + CH3 (shown in Figure 6.5). This scheme is in accord with the relative
m/z 116 ion signal intensity dominant over that for m/z 130 signal intensity, as
shown in Figure 6.1(b).
Figure 6.7 shows the formation of two adducts from o-methylphenyl + allene
(A0) with reaction enthalpies at -36.8 kcal mol 1 for A1 and -57.2 kcal mol 1 for
the resonance-stabilised A2, with respect to A0. Isomerisation between A1 and
A2 is also included in Figure 6.7 with a rate limiting transition state at -15.5 kcal
mol 1 (TS A1!A3).
The m/z 130 PI signal from o-methylphenyl + allene is assigned 1,2- and 1,4dihydronaphthalene, where Figure 6.3 shows 1,2-dihydronaphthalene likely dominates the m/z 130 PI signal. Pathways toward 1,2-dihydronaphthalene + H (C7) at
-33.5 kcal mol 1 and 1,4-dihydronaphthalene + H (C8) at -30.8 kcal mol 1 from A0
are rationalised via 1-5 H-atom shift from the methyl group through TS A1!A4
at -22.3 kcal mol 1 , cyclisation of A4 to form the 1,2,4-trihydronaphthalen-3-yl radical (C6) at -52.3 kcal mol 1 and then subsequent H-atom loss toward C7 or C8
(1,2-dihydronaphthalene or 1,4-dihydronaphthalene, respectively).
On route to C7 and C8, the reaction barriers for TS C6!C7 and TS C6!C8
di↵er by <1 kcal mol 1 . The M06-2X frequencies for TS C6!C7 and TS C6!C8
does not reveal an apparent kinetic preference for TS C6!C7 and TS C6!C8 that
could explain the experimental result. Based on presented schemes, the m/z 130
product branching ratio should be approximately 1:1 (C7:C8) for reactions with
allene and propyne. However, the experimental m/z 130 PI spectra shown in Figure
6.3 indicate that the m/z 130 ion signal from propyne reactions is entirely 1,2dihydronaphthalene and, for the allene case, dominated by PI of 1,2-dihydronaphthalene with a minor contribution from 1,4-dihydronaphthalene.
In the case of the allene reaction, the assignment of 1,2-dihydronaphthalene as
the dominant product is based on several assumptions: (1) the reference PI spectrum
for 1,2-dihydronaphthalene is reliable and not contaminated by 1,4-dihydronaphthalene and, (2) the two dihydronaphthalene isomers have similar PI cross sections. A
PI spectrum acquired with a second, separately-purchased 1,2-dihydronaphthalene
sample is included in Figure 6.13 and agrees with the original PI spectrum included
in Figure 6.3. In addressing assumption (2), the PI cross section for 1,2-dihydronaphthalene would need to be ⇠10 times greater than that for 1,4-dihydronaphthalene in

P6
-60.3

P7
-16.4

-13.4

C10
-74.8

-31.7

C7, m/z 130
-33.5

+H

Figure 6.6. Potential energy schematic for reactions of the P4 to 1,2-dihydronaphthalene + H (C7). The limiting TS P6!P7 at -2.9
kcal mol 1 approaches the energy of P0 at -0.2 kcal mol 1 . M06-2X 0 K enthalpies reported in kcal mol 1 relative to o-methylphenyl +
allene (A0).
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CH2
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+ C
CH2

4.4

A0
0.0
-15.5
-22.4
A3
-24.4
A1
-36.8

A2
-57.2

Figure 6.7. Potential energy schematic for adduct formation and isomerisation
between A1 and A2 allene adducts from o-methylphenyl + allene (A0). M06-2X
0 K enthalpies reported in kcal mol 1 relative to A0.
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-52.3
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-64.0

Figure 6.8. Potential energy schematic for reactions of A1 toward 1,2- and
1,4-dihydronaphthalene + H (C7 and C8). M06-2X 0 K enthalpies reported in
kcal mol 1 relative to o-methylphenyl + allene (A0).
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order for Figure 6.3 to represent a product branching ratio of 1:1. However, without
absolute PI spectra for both 1,2- and 1,4-dihydronaphthalene, the m/z 130 product
branching ratio cannot be quantified.
-27.0
-31.1
P2
-35.5

A2
-57.2

C1
-55.0

Figure 6.9. Potential energy schematic for isomerisation between the A2 and
P2 (the carbon-2 adducts for allene and propyne, respectively). Decomposition
of the 2-(propen-2-yl)benzyl radical (C1) is shown in Figure 6.10. M06-2X 0 K
enthalpies reported in kcal mol 1 relative to o-methylphenyl + allene (A0).

Figure 6.9 shows that the propyne and allene reaction schemes are interconnected. The P2 adduct can isomerise to the resonantly stabilised A2 (both carbon-2
adducts) through sequential 1,5-H atom shifts with the methyl substituent and limiting TS P2!C1 at -27.0 kcal mol 1 . As shown in Figure 6.10, the C1 radical
connecting A2 and P2 can undergo unimolecular decomposition to form C4, C7,
and C8. As C1 is common in both allene and propyne reaction schemes, Figure
6.10 details plausible pathways toward indene + CH3 and dihydronaphthalene + H
from reactions with both C3 H4 isomers. The low indene yield from allene reactions,
for example, is rationalised by an overall slower multi-step reaction pathway via C1
because a direct competitive indene + H pathway from allene reactions is not easily
conceived.
Figure 6.10, however, is inconsistent with results from o-methylphenyl + propyne
because the m/z 130 signal appears to be entirely from 1,2-dihydronaphthalene.
The pathway presented in Figure 6.6 is an unlikely contributor to m/z 130 signal
intensity due to the limiting TS P6!P7 at -2.9 kcal mol 1 , which approaches the
energy of reactants (P0). As stated before, on these calculated pathways, we expect
1:1 product branching ratio between 1,2- and 1,4-dihydronaphthalene from C6 and
1,4-dihydronaphthalene does not significantly contribute to m/z 130 signal from
propyne reactions.
Alternative pathways were explored to determine if the dominance of 1,2-dihydronaphthalene can be explained. In Figure 6.11 the limiting TS C10!C7 toward
1,2-dihydronaphthalene + H is marginally lower than TS C10!C6 and 2.8 kcal
mol 1 below the limiting TS C6!C7 in Figure 6.10. However, with m/z 130
from the propyne reaction being entirely 1,2-dihydronaphthalene, and no compet-
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-33.5
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C6
-64.0

-28.9
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+ H
C8, m/z 130
-30.8

Figure 6.10. Potential energy schematic for unimolecular decomposition of C1 to either indene + CH3 , 1,2- or 1,4-dihydronaphthalene
+ H. The scheme is accessible via isomerisation of A2 and P2 to C1, as shown in Figure 6.9. The limiting transition structures to each
product have enthalpies within 2 kcal mol 1 . M06-2X 0 K enthalpies reported in kcal mol 1 relative to o-methylphenyl + allene (A0).
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-32.9

C10
-74.8

-31.7
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-33.5
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-64.0

Figure 6.11. Potential energy schematic for reactions of C5 toward 1,2-dihydronaphthalene + H (C7). The 1,2-atom shift from C10
to C6 and an alternative pathway via TS C5!C10 are included. The limiting TS C10!C7 toward 1,2-dihydronaphthalene + H is 2.8
kcal mol 1 below the limiting TS C6!C7 in Figure 6.10. M06-2X 0 K enthalpies reported in kcal mol 1 relative to o-methylphenyl +
allene (A0).
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itive pathways described toward C8, the potential energy schematics are possibly
incomplete and warrant further investigation. Secondary H-assisted isomerisation33
of any 1,4-dihydronaphthalene product could also explain the dominance of 1,2dihydronaphthalene; 1,4-dihydronaphthalene + H by the (C6) intermediate should
form the thermodynamically preferred 1,2-dihydronaphthalene + H.

6.4

Conclusions

VUV photoionisation mass spectrometry conducted at the ALS revealed two major
product mass channels, m/z 116 and 130 from o-methylphenyl radical reactions with
allene and propyne, consistent with CH3 and H-atom loss. The m/z 116 product
from reactions with allene and propyne is conclusively assigned indene (C9 H8 ) by
comparing experimental PI spectra to reference PI spectra for indene. Experiments
with propyne-d4 indicate the CH3 fragment originates from the propyne reactant.
The m/z 130 product product branching ratio for allene and propyne di↵ers, however. In the case of propyne reactions, m/z 130 is assigned entirely to 1,2-dihydronaphthalene + H. On the other hand, the m/z 130 signal from allene reactions is
attributed to photoionisation of 1,2- and 1,4-dihydronaphthalene where 1,2-dihydronaphthalene represents the dominant fraction.
Quantum chemical calculations reveal pathways to indene + CH3 , 1,2- and
dihydronaphthalene + H. The pathways identified in Section 6.3.2 toward 1,2- and
1,4-dihydronaphthalene + H suggest a m/z 130 product branching ratio of approximately 1:1. However, the m/z 130 ion signal from propyne reactions is assigned
1,2-dihydronaphthalene with because of its close match with a reference PI spectrum. Further investigation is warranted to identify alternate pathways to 1,2- and
1,4-dihydronaphthalene, and determine the kinetically preferred mechanism or isomerisation processes.

6.5
6.5.1

Supporting Information
Supplementary Photoionisation Spectra and AIE Values

The laser-dependent ion signals detected at m/z 39, 40 and 78 in Figure 6.1(a)
result from photolysis of allene at 600 K while m/z 39 in Figure 6.1(b) results
from propyne photolysis under similar conditions. The m/z 39 signals from both
allene and propyne photolysis were assigned propargyl radical (CHCCH2 , 39 Da) by
comparison with a reference PI spectrum in Figure 6.14.16 Similarly, m/z 41 signal
is assigned to the allyl radical (CH2 CHCH2 , 41 Da) by comparison to a reference
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Table 6.2. Calculated CBS-QB3 adiabatic ionisation energies (AIEs) for C9 H8
isomers (116 Da). Relative CBS-QB3 enthalpies ( Hf ) are provided. The techniques used to obtain literature values are indicated within brackets with EI
meaning electron impact techniques, and PI meaning photoionisation mass spectrometry.
C9 H8 isomer
indene

Calculated
AIE (eV)
8.2

2-methylphenylacetylene

8.7

propadienyl-benzene
propynyl-benzene

8.3
8.4

3-phenyl-propyne

9.0

Literature
IE (eV)
8.15 ± 0.015
(PE)34
8.61 ± 0.02
(PE)35
8.2936
8.42 ± 0.08
(PE)29

Relative Hf
(kcal mol 1 )
0.0
28.6
29.6
27.0
34.5

ion intensity (arb. units)

m/z 130 PI spectra from:
o-methylphenyl + allene
o-methylphenyl + propyne
2-methylindene reference

0

7.6

7.8

8.0

8.2

photoionisation energy (eV)

8.4

Figure 6.12. Average PI spectra of m/z 130 from o-methylphenyl + allene (open
red circles) and o-methylphenyl + propyne (open black triangles). A reference
PI spectrum for a 2-methylindene sample is shown (solid purple line).
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ion intensity (arb. units)

m/z 130 PI spectra from:
original 1,2-dihydronaphthalene sample
new 1,2-dihydronaphthalene sample

0
7.8

8.0

8.2

8.4

8.6

8.8

9.0

9.2

photoionisation energy (eV)

Figure 6.13. Average PI spectra of m/z 130 from original 1,2-dihydronaphthalene sample (solid purple line, included in Figure 6.3) and PI spectrum from a
new sample of 1,2-dihydronaphthalene acquired on the same instrument (solid
red line).

Table 6.3. Calculated CBS-QB3 AIEs for C10 H10 isomers (130 Da). Relative
CBS-QB3 enthalpies ( Hf ) are provided. The techniques used to obtain literature
values are indicated within brackets with EI meaning electron impact techniques,
and PI meaning photoionisation mass spectrometry.
C10 H10 isomer
1,2-dihydronaphthalene
1,4-dihydronaphthalene
2-methylindene
3-methylindene
4-methylindene
2-propynyl-toluene
2-propadienyl-toluene

Calculated
AIE (eV)
8.0
8.6
7.9
8.0
8.0
8.3
8.1

Literature
IE (eV)
8.14 (EI)30

7.97 (PI)30

Relative Hf
(kcal mol 1 )
1.8
4.8
0.5
0.0
1.5
28.0
32.1
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PI spectrum in Figure 6.15.37 Propargyl radicals likely result from photolysis of
allene and propyne while allyl radicals presumably result from H-atom addition to
allene.38,39
Figure 6.16 shows the PI spectrum for m/z 78 from allene photolysis. Its onset
at 8.4 eV is consistent with the CBS-QB3 AIE and literature IE for fulvene (C6 H6 ,
78 Da) in Table 6.4. However, as shown in Figure 6.16, the PI spectrum systematically deviates from the reference spectrum for fulvene at photon energy >8.6 eV.
Without reference spectra for many C6 H6 isomers the assignment of m/z 78 signal
>8.6 eV remains incomplete. Calculated and reference IE for a number of C6 H6
isomers are listed in Table 6.4 with relative enthalpies. Benzene (IE = 9.24 eV, Ref.
40) is more stable than fulvene and likely contributes to signal between 9.24–9.30 eV.
Both fulvene and benzene could result from propargyl radical + allene reactions.37,38

ion intensity (arb. units)

m/z 39 PI spectra from:
o-methylphenyl + allene
o-methylphenyl + propyne
Savee et al. (2012)

0

8.4

8.6

8.8

9.0

photoionisation energy (eV)

9.2

Figure 6.14. Average PI spectra of m/z 39 from o-methylphenyl + allene (open
red circles) and o-methylphenyl + propyne (open black triangles). A vertically
scaled PI spectrum for the propargyl radical (CHCCH2 ) is included from Ref. 16
(Savee et al., solid purple line).
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ion intensity (arb. units)

m/z 41 PI spectra from:
o-methylphenyl + allene
Hansen et al. (2009)

0

8.0

8.2

8.4

8.6

8.8

photoionisation energy (eV)

9.0

9.2

Figure 6.15. Average PI spectra for m/z 41 from o-methylphenyl + allene (open
red circles). A vertically scaled PI spectrum for the allyl radical (CH2 CHCH2 ) is
included as a solid purple line from Ref. 37 (Hansen et al., solid purple line).

ion intensity (arb. units)

m/z 78 PI spectra from:
o-methylphenyl + allene
Soorkia et al. (2010)

0
7.8

8.0

8.2

8.4

8.6

8.8

photoionisation energy (eV)

9.0

9.2

Figure 6.16. Average PI spectra of m/z 78 from o-methylphenyl + allene (open
red circles). A vertically scaled PI spectrum for fulvene is included (solid purple
line).41
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Table 6.4. Calculated CBS-QB3 AIEs for C6 H6 isomers (78 Da). Relative CBSQB3 enthalpies ( Hf ) are provided. The techniques used to obtain literature
valves are mentioned in brackets where PE means photoelectron spectroscopy,
TE means threshold electron detection.
C6 H6 isomer
Fulvene
Benzene
1,3-hexen-5-yne
3,4-dimethylenecyclobutene
hex-1,5-dien-3-yne
hex-2,4-yne

Calculated
AIE (eV)
8.4
9.3
8.6
8.8
8.6
8.9

Literature IE (eV)
8.36 ± 0.02 (PE)29
9.24384 ± 0.00006 (TE)28
9.20 (PE)30
8.80 ± 0.02 (PE)29
8.50 ± 0.02 (PE)29
8.90 ± 0.05 (PI)29

Relative Hf
(kcal mol 1 )
0.0
-32.3
30.3
29.4
30.8
35.2
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Supplementary Product Mass Spectra
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propyne-d4 added
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40
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80

m/z

100
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140

Figure 6.17. Product PI mass spectrum at 9.325 eV integrated 0-50 ms after 248
nm photolysis of o-iodotoluene in the presence of propyne-d 4 (44 Da) at 600 K.
The ions at m/z 42 and 117 were assigned isotopologues of the propargyl radical
(C3 D3 ) and indene (C9 H7 D).

To assist with elucidation of plausible mechanisms for indene + CH3 from omethylphenyl + propyne the reaction was repeated with propyne-d 4 (44 Da). Figure
6.17 shows ions detected at m/z 42 and 117 that are assigned to isotopologues
of propargyl radical (C3 D3 ) and indene (C9 H7 D), respectively. The detection of
m/z 117 represents a 1 Da shift (C9 H7 D) from the m/z 116 signal (C9 H8 ) and is
consistent with CD3 loss. This isotope study is in accord with the pathway shown
in Figure 6.5 for o-methylphenyl + propyne reaction toward indene + CH3 .
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Chapter 7
Conclusions and Future Directions
7.1

Conclusions

Chapters 3, 4, 5, and 6 of this thesis explore the reactions of ortho-substituted phenyl
radicals with neutral closed shell species. In all cases, the ortho-substituent of the
phenyl radical participated in intramolecular H-atom transfer after the formation
of an adduct and a↵ected the final product distribution in a manner distinct from
meta- and para-substituted phenyl radical reactions i.e. resulted in new reaction
products.
Chapters 3 and 4 described experimental and theoretical investigations into the
oxidation of o-methylphenyl radicals. Specifically, Chapter 3 explored distonic radical cation reactions in comparison with neutral o-methylphenyl + O2 reactions,
and Chapter 4 described the distinguishing features for the oxidation of neutral ortho- and meta-methylphenyl radicals. The key finding is new experimental evidence
for formation of o-quinone methide from o-methylphenyl + O2 from O2 addition,
H-atom migration to the QOOH intermediate, and subsequent OH elimination.
In Chapter 3 the photodissociation of the trimethylammonium-substituted halogenated precursors produced radical cations that reacted with excess O2 and exhibited pseudo-first order rate behaviour. The distonic o-methylphenyl radicals reacted
with O2 to give rise to an O2 adduct and an ion signal (after O2 addition) that is consistent with H-atom migration and OH elimination to produce o-quinone methide.
The synchrotron-based photoionisation mass spectrometry experiments (PIMS)
described in Chapter 4 for both o- and m-methylphenyl radical + O2 revealed two
stark di↵erences: the m/z 80 and 106 ion signals are unique to o-methylphenyl +
O2 . The m/z 106 signal was assigned o-quinone methide, analogues to chargedtagged o-quinone methide in Chapter 3 and o-benzoquinone from o-hydroxyphenyl
radical + O2 in Chapter 5. The other reaction products were rationalised by conventional phenyl + O2 reaction mechanisms.1,2 The m/z 80 ion signal was assigned
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cyclopentadienone, which is attributed to decomposition of the 7-methyloxepinoxyl
radical from o-methylphenyl + O2 , which was not theorised for m-methylphenyl +
O2 .
In Chapter 5, synchrotron-based PIMS revealed that the o-hydroxyphenyl + O2
reaction produces two major products detected at m/z 80 and 108, consistent with
cyclopentadienone and o-benzoquinone. The o-benzoquinone is likely a primary
product following O2 addition, H-atom migration, and subsequent OH loss. We conclude that cyclopentadienone forms from prompt decomposition of o-benzoquinone.
Distonic ammonium-tagged o-hydroxyphenyl + O2 reactions were studied and found
to produce ions consistent with charged-tagged o-benzoquinone. CID of the chargedtagged o-benzoquinone cation lead to the formation of a cyclopentadienone analogue
by CO loss.
Second order rate coefficients for oxidation of distonic o-methylphenyl and ohydroxyphenyl radicals in Chapters 3 and 5 were measured and found to have a
5% reaction efficiency. By comparing trimethylammonium and ammonium charged
tags, and the identity of the ortho-substituent, the results reported in this thesis
demonstrate that the identity of the ortho-substituent does not significantly a↵ect
the reaction efficiency (approximately 5%).
Chapter 6 reported o-methylphenyl radical reactions with C3 H4 isomers: allene (CH2 CCH2 ) and propyne (CHCCH3 ). Synchrotron-based PIMS revealed two
product mass channels for both allene and propyne reactions with o-methylphenyl
radicals. The peaks at m/z 116 and 130 are consistent with CH3 and H-atom
loss, respectively. The CH3 loss co-product is conclusively assigned indene (C9 H8 ).
But, H-atom loss produced two di↵erent products for allene and propyne reactions:
mostly 1,2- but traces of 1,4- dihydronaphthalene from allene reactions and exclusively 1,2-dihydronaphthalene from propyne reactions.

7.2

Future Directions

To extend the study of o-methylphenyl radical reactions with allene and propyne,
an investigation of the reaction with ortho-hydroxylphenyl radicals is underway.
Initial results indicate that products are benzofuran (C8 H6 O) and hydroxy-indene
(C9 H8 O). Compared with ortho-methylphenyl radical reactions, this study will
reveal the e↵ect of the ortho-subtituited in the context of reactions with small hydrocarbons.
Future experiments to test the conclusions presented in this thesis include: OH
laser-induced fluorescence3 and threshold photoelectron photoion coincidence spectroscopy (TPEPICO).4–6 The laser-induced fluorescence of OH radicals can be used
to record kinetic rates for OH formation from oxidation of neutral o-methyl- and
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o-hydroxy-phenyl radicals. This information would facilitate a comparison between
the neutral and distonic reaction kinetics, which ultimately can explain the impact of the charge-tag on the phenyl radical reactivity. Currently, for the distonic
case, the appearance rate for a signal consistent with OH loss can be used to measure the appearance of OH radicals but there are no data for the neutral system.
The second experiment, threshold photoelectron photoion coincidence spectroscopy
(TPEPICO) has at times a key benefit over photoionisation spectra: vibronic structure. The photoionisation spectra of many isomers can be difficult to discriminate.
e.g. o-, m-, and p-cresol. The photoelectron spectra from TPEPICO can exhibit
defining features that distinguish isomers. Additionally, vibrationally-resolved photoelectron spectra can be simulated from quantum chemical outputs using programs
like ezSpectrum7 and compared to reveal striking resemblances.8,9
There are many reaction pathways after the addition of O2 or C3 H4 to osubstituted phenyl radicals. While the salient pathways required to explain key
reaction products are presented for this thesis, they are not exhaustive. To achieve
a “complete” potential energy scheme that is able to predict accurate product distributions, with application of computational kinetics, it is necessary to identity all
essential pathways. Ideally, we should utilise programs with chemical knowledge to
complete our reaction mechanisms. Two approaches in automated chemical mechanism discovery are KinBot10,11 and Reaction Mechanism Generator (RMG).12 KinBot was developed by Zádor at the Combustion Research Facility, Sandia National
Laboratories. This program expands potential energy schemes from quantum chemical calculations by applying knowledge of di↵erent reaction types (e.g. -scission)
to computed molecular structures. The optimised molecular geometries, calculated
frequencies, rotational constants, and enthalpies can then be used in RRKM modelling. Reaction Mechanism Generator was developed by Green at Massachusetts
Institute of Technology and West at Northeastern University. This program uses
Benson’s group method13 to estimate thermal chemical data and expands an initial
skeletal mechanism to include the most significant reaction pathways according to
rates and reaction flux. A simple but distinguishing feature between the two programs is KinBot should locate all plausible mechanisms while RMG should locate
the most significant mechanisms. If these approaches could be applied to understand
the CO loss from o-benzoquinone, for example, we (i.e. a computer and myself)
could elucidate new and salient mechanisms not predicted by a human alone.
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Hydroxyl radical formation in the gas phase oxidation
of distonic 2-methylphenyl radical cations†
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Stephen J. Blanksbyab and Adam J. Trevitt*ab
The reactions of distonic 4-(N,N,N-trimethylammonium)-2-methylphenyl and 5-(N,N,N-trimethylammonium)2-methylphenyl radical cations (m/z 149) with O2 are studied in the gas phase using ion-trap mass
spectrometry. Photodissociation (PD) of halogenated precursors gives rise to the target distonic chargetagged methylphenyl radical whereas collision-induced dissociation (CID) is found to produce unreactive
radical ions. The PD generated distonic radicals, however, react rapidly with O2 to form [M + O2]! + and
[M + O2 " OH]! + ions, detected at m/z 181 and m/z 164, respectively. Quantum chemical calculations
using G3SX(MP3) and M06-2X theories are deployed to examine key decomposition pathways of the
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intermediate that subsequently eliminates ! OH to yield charge-tagged 2-quinone methide. Our study
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suggests that the analogous process should occur for the neutral methylphenyl + O2 reaction, thus
serving as a plausible source of ! OH radicals in combustion environments.

The prevailing product mechanism involves a 1,5-H shift in the peroxyl radical forming a QOOH-type

1. Introduction
The study of aryl-radical + O2 reactions is fundamental to understanding combustion chemistry due to the prevalence of aromatic
hydrocarbons in liquid transportation fuels. Considerable work
has been performed on the phenyl radical (C6H5! ) and its
reactions with O2.1–10 Notably, phenyl oxidation does not follow
the ROO - QOOH isomerisation route often encountered when
rationalising hydrocarbon radical oxidation;11 instead, more
elaborate peroxyl radical isomerisation channels are accessed. For
substituted phenyl radicals there remains significant uncertainty
around the key mechanisms and dominant reaction products
in their oxidation.
Toluene (C6H5CH3) is utilised in transportation fuels at high
levels because of its high energy density and research octane
number12,13 and is also an intermediate in schemes of polycyclic aromatic hydrocarbon (PAH) and soot formation.14 The
primary combustion intermediate associated with toluene is
generally considered to be the benzyl radical (C6H5CH2! ), rather
a
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than methylphenyl radical isomers (C6H4CH3! ), due to the
relatively large diﬀerence in C–H bond dissociation energies
for methyl (ca. 90 kcal mol"1) and ring (ca. 113 kcal mol"1)
hydrogens.15 Despite the difference in bond dissociation energies,
abstraction reactions by reactive free radicals are expected to
provide significant yields of methylphenyl radicals; for instance
at 1000 K the product branching ratio for methylphenyl and
benzyl radicals by ! OH abstraction reactions is close to 1 : 3,
increasing to 1 : 2 at 2000 K.16 The toluene C–CH3 bond scission,
yielding the phenyl radical, is also significant during thermal
decomposition: 20% at 1200 K, and 40% at 1500 K.17 Likewise,
decomposition of poly-methyl substituted benzenes, such as
ortho-xylene, can produce methylphenyl radicals.18,19 Isomerisation of the methylphenyl radical to benzyl radical is generally
competitive under high-temperature combustion conditions,
however lifetimes of methylphenyl species near autoignition
temperatures (B1000 K) are such as to permit bimolecular
reactions with O2.19,20 Despite their plausible contribution in
combustion environments, the methylphenyl + O2 reaction has
received relatively little attention. One computational study has
suggested that the 2-methylphenyl + O2 reaction is substantially
different from that of the unsubstituted phenyl radicals, in
which formation of 2-quinone methide + ! OH is thought to
compete (via a process shown in Scheme 1) with phenylperoxyltype isomerisation.18 Experimental investigation of the methylphenyl + O2 system can further the current understanding of
toluene oxidation. However, identification and characterisation of
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Scheme 1

reaction intermediates and products remain a challenge. Chargetagged derivatives of the methylphenyl radicals, i.e. the addition of
a substituent with a formal charge, can be employed via mass
spectrometry to qualitatively assess dominant reaction processes.
Here, we provide the first experimental evaluation of 2-methylphenyl + O2 reaction using the distonic radical ion approach.
Distonic ions are radical ions characterised by the spatial
and electronic separation of the radical and charge site.21–23
Though the intrinsic reactivity of the radical may be perturbed
to some degree by the presence of a near-by charge24 studies on
distonic radical ions undertaken using mass spectrometry
nonetheless provide useful information on the reactions of
their neutral counterparts.24–27 A distonic radical ion approach
has previously been employed to probe the fate of peroxyl
radical intermediates; including, pyridinium-2-ethylperoxyl radical
cation,28,29 N-methylpyridinium-4-peroxyl27,30 and 4-(N,N,N-trimethylammonium)phenylperoxyl radical cation,27,31,32 in addition to
4-(N,N,N-trimethylammoniummethyl)phenylperoxyl, 3-(N,N,Ntrimethylammonium)phenylperoxyl, and 4-ammoniumphenylperoxyl radical cations.32 In each case, these distonic studies
provided insight into the reactivity of the neutral radical analogue.
In this report we investigate the gas-phase synthesis and
oxidation of distonic 2-methylphenyl radical cations. Radicals
generated in a linear ion-trap mass spectrometer by both photodissociation (PD) and collision-induced dissociation (CID) of
suitable halogenated precursors are compared and the dehalogenated radical cations are characterised by reactions with O2.
CID generated radical cations are found to exhibit low reactivity
with O2 on the timescale of the experiment (up to 10 s)
suggesting that CID results in concomitant isomerisation,
forming an unreactive radical ion isomer. In contrast, the PD
generated radical cations readily react with O2 to form the
peroxyl radical that is followed by a H-atom shift and ! OH
elimination, consistent with the formation of charge-tagged
2-quinone methide product. This reaction scheme is supported
by quantum chemical calculations.

2. Experimental
2.1

Materials

4-Bromo-3-methylaniline (97%), 3-bromo-4-methylaniline (98%),
and methyl iodide (99.5%) were purchased from Sigma Aldrich
(Milwaukee, USA). 3-Iodo-4-methylaniline (98%) was purchased
from Alfa Aesar (Ward Hill, USA). 4-(Dimethylamino)benzyl
alcohol was purchased from TCI Chemicals (Tokyo, Japan).
Acetonitrile, ethyl acetate, methanol (HPLC grade), petroleum
ether and potassium carbonate (anhydrous) were purchased
from Ajax (Sydney, Australia). Industrial grade O2 was obtained
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from BOC gases (Sydney, Australia). All commercial compounds
were used without additional purification.
4-Bromo-N,N,N,3-tetramethylbenzenaminium (4Br3Me), 3-bromoN,N,N,4-tetramethylbenzenaminium (3Br4Me) and 3-iodo-N,N,N,4tetramethylbenzenaminium (3I4Me) iodide salts were synthesised
by N-methylation of the corresponding primary amines listed
above using a method previously described31 with modifications detailed in Section S1 of the ESI.† 4-Iodomethyl-N,N,Ntrimethylbenzenaminium (4IMe) iodide was synthesised from
4-(dimethylamino)benzyl alcohol by N-methylation31 followed
by iodo-dehydroxylation.33 Synthesised compounds were characterised by 1H NMR, data provided in Section S2 (ESI†).
2.2

Mass spectrometry

Experiments were performed on a modified Thermo Fisher
Scientific LTQ linear quadrupole ion-trap mass spectrometer
(San Jose, USA)34 fitted with an IonMax electrospray ionisation
source operated in positive ion mode (+ESI) and controlled by
Xcalibur 2.0 software. Ions were generated by infusing 5–15 mM
methanolic solutions of 4-bromo-N,N,N,3-tetramethylbenzenaminium (4Br3Me), 3-bromo-N,N,N,4-tetramethylbenzenaminium
(3Br4Me), 3-iodo-N,N,N,4-tetramethylbenzenaminium (3I4Me),
and 4-iodomethyl-N,N,N-trimethylbenzenaminium (4IMe) iodide
salts into the electrospray ion source at 5 mL min"1. Typical
instrumental settings were: spray voltage (4.5 kV), capillary
temperature (200 1C), sheath gas flow at 5 (arbitrary units),
sweep and auxiliary gas flow at 10 (arbitrary units). Ions were
mass-selected using an isolation window of 5–6 Th for 4Br3Me
and 3Br4Me, and 1–2 Th for 3I4Me and 4IMe with a q-parameter
of 0.250. Mass spectra presented herein are the average of at
least 50 scans. In CID experiments, the normalised collision
energy applied was typically 20–30 (arbitrary units) with an
activation time of 30 ms set within the control software.
2.2.1 Photodissociation (PD). The modifications to the iontrap mass spectrometer allowing optical access to trapped ions
are similar to those previously reported35,36 and are described
in detail elsewhere.37,38 Briefly, a 10 mm aperture was milled into
the removable backplate of the vacuum chamber. A 2.75 inch
quartz viewport was mounted over the aperture with a CF flange.
At the beginning of a MSn ion activation step, the mass spectrometer transmits a TTL-signal to a digital delay generator that
subsequently triggers a Nd:YAG laser (operating on the 4th
harmonic, l = 266 nm) such that only a single laser pulse
is generated per duty cycle. The l = 266 nm laser pulse
(ca. 30 mJ cm"2) is transmitted through the quartz window
and 2 mm orifice centred on the back lens of the ion-trap
assembly allowing for PD of isolated ionic species.
2.2.2 Ion–molecule reactions. O2 is present in background
concentrations due to the use of an atmospheric pressure
ionisation source. Typically, N2 is used as the nebulising gas
within the ionisation source, however, to increase the background O2 concentration, O2 can be used instead. The O2
concentration (molecule cm"3) within the ion trap region was
derived by following the 4-(N,N,N-trimethylammonium)phenyl
radical + O2 reaction kinetics, which has a known second-order
rate coefficient (k2nd) of 2.8 # 10"11 cm3 molecule"1 s"1.31
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The O2 concentration within the ion trap was measured at
2.2 # 109 molecule cm"3 for background O2 with the standard
nitrogen nebuliser gas, and 8.6 # 109 molecule cm"3 with O2
used as the nebuliser gas.
The stoichiometric excess of O2, by many orders of magnitude,
established pseudo-first order kinetic behaviour with reactive
ions.34,39 The temperature within the ion trap was previously
measured at 307 $ 1 K (ref. 39 and 40) and is used as the eﬀective
temperature for ion–molecule reactions herein. This is consistent
with recent measurements by Donald et al. of 318 $ 23 K.41
Reaction times of 0.030–10 s were achieved by setting the activation
time parameter with the control software while the normalised
collision energy was maintained at 0 (arbitrary units).42 Measured
pseudo-first order (k0 ) and second-order (k2nd) rate coefficients were
extracted from the slope of a semi-logarithmic plot of normalised
abundance against reaction time.
Statistical errors in rate measurements were typically 2s o 5%,
where s is the standard deviation obtained from the least-squares
fit to the pseudo-first order decay. Systematic uncertainty in the
ion-trap pressure and O2 concentration, and the formation
of neutrals or ions with a m/z less than the low mass cut-oﬀ
(ca. 50 Th) result in a upper limit of 50% uncertainty in secondorder rate coeﬃcients (k2nd). Reported reaction eﬃciencies are
calculated from the second-order rate coeﬃcient as a percentage
of the reactants’ collision frequency derived from average dipole
orientation (ADO) theory.43
2.3

Quantum chemical calculations

Electronic structure calculations were performed using both the
M06-2X/6-311++G(d,p) density functional theory44 and G3SX(MP3)
composite method,45 in the Gaussian 09 program.46 All stationary
points were characterised as either minima (no imaginary
frequencies) or transition states (one imaginary frequency).
All reported energies are at 0 K and include zero-point energy
corrections. The selected theoretical methods are capable
of reproducing well-defined test set barrier heights to within
1.5 kcal mol"1, on average.45,47

3. Results and discussion
3.1

Synthesis of distonic 2-methylphenyl radical cations

Two synthetic routes for the production of radical cations within
the linear ion-trap mass spectrometer were compared: laser
photodissociation (PD) and collision-induced dissociation (CID).
Methanolic solutions of the precursor iodide salts were infused
via positive electrospray ionisation (+ESI) to yield the M+ ions
at m/z 228 and 230 for the brominated (4Br3Me and 3Br4Me),
and m/z 276 for the iodinated (3I4Me and 4IMe) precursor ions,
as listed in Table 1.
Isolation and subsequent PD of the M+ ions listed in Table 1
resulted in m/z 149 product ions consistent with the loss of the
halogen atom (ESI,† Fig. S1). PD of the brominated precursors
4Br3Me and 3Br4Me resulted also in [M – Br " 15]! + signal at
m/z 134 and [M " CH3]+ signal at m/z 213 and 215. In the case of
PD of the iodinated precursors 3I4Me and 4IMe, m/z 134 is also
apparent and likely corresponds to [M " I " CH3]! +.
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Table 1 Distonic radical precursor ions [M]+ introduced by +ESI of methanolic
solutions of the corresponding salt

Precursor ions [M]+

Structure

Abbreviation

4-Bromo-N,N,N,3tetramethylbenzenaminium
cation (m/z 228 and 230)

4Br3Me

3-Bromo-N,N,N,4tetramethylbenzenaminium
cation (m/z 228 and 230)

3Br4Me

3-Iodo-N,N,N,4tetramethylbenzenaminium
cation (m/z 276)

3I4Me

4-(Iodomethyl)N,N,N-trimethylbenzenaminium
cation (m/z 276)

4IMe

The dominant product observed after CID of 4Br3Me,
3Br4Me, and 3I4Me was the [M " 15]! + ion at m/z 213 and
215 for the brominated species (both Br isotopes), and m/z 261
for 3I4Me. These odd-electron processes are consistent with
!
CH3 loss from the trimethylammonium charge tag of the
respective M+ ions. Minor ion signal at m/z 149 is assigned to
ejection of the halogen. In contrast, CID of 4IMe resulted
predominately in the m/z 149 and 134 ions, assigned as loss
of I! followed by elimination of a methyl radical from the
charge tag, respectively.
Activation of 4Br3Me, 3Br4Me, 3I4Me, and 4IMe ions by both
PD and CID resulted in formation of m/z 149 ions with varying
eﬃciencies. PD of the 4Br3Me, 3Br4Me, and 3I4Me halogenated
precursors resulted in significantly higher abundances of the
putative distonic radical ion (ca. 25–45%) than CID (ca. o2%). In
contrast, CID of the 4IMe ion resulted in a notably higher
abundance of the m/z 149 ion (ca. 90%) than that observed for
the PD route (ca. 10%). In each case, the m/z 149 ion population
was isolable and probed by reactions with O2.
3.2

Charge-tagged 2-methylphenyl + O2

The m/z 149 ions generated by PD and CID of 4Br3Me, 3Br4Me,
3I4Me and 4IMe were isolated and allowed to react with background O2 over time periods of 0.030–10 s. Mass spectra
measured with a reaction time of 2 s are provided in Fig. 1.
Second-order rate coefficients (k2nd) were derived and are discussed
below in Section 3.2.1. Isolation of m/z 149 ions, generated by
PD of 4Br3Me, 3Br4Me, and 3I4Me, in the presence of background O2 resulted in a small [M + 32]! + product ion signal
at m/z 181, consistent with the formation of a peroxyl radical.

Phys. Chem. Chem. Phys., 2013, 15, 20577--20584
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Fig. 1 PD (left panel) and CID (right panel) mass spectra of 4Br3Me (a and b),
3Br4Me (c and d), 3I4Me (e and f) and 4IMe (g and h) isolated for a period of 2 s
in the presence of background O2. Trace ions at m/z 164 and 181 observed in (g)
are likely the result of contamination by isomeric distonic radical cations.

The dominant product observed was the [M + 15]! + ion at m/z
164 rationalised by O2 addition and subsequent ! OH elimination, as depicted in Scheme 2. This is consistent with the ! OH
elimination mechanism proposed in the theoretical study of

Scheme 2

the analogous neutral 2-methylphenyl radical + O2 reaction by
da Silva et al.18 (Scheme 1). CID of m/z 164 ions (ESI,† Fig. S2)
gives rise to m/z 149, presumably the result of CH3 (15 Da) loss
from the trimethylammonium charge tag. There is also a
product ion consistent with CO (28 Da) loss at m/z 136, and
another at m/z 121 consistent with both loss of CH3 and CO.
The primary fragmentation pathway for the neutral 2-quinone
methide is loss of CO.48,49 A more detailed mechanism and
energy schematic, including the formation of m/z 164, will be
outlined below. The reactions of m/z 149 ions with O2, after PD
of 4IMe, yielded only traces of oxidation products likely the
result of contamination by isomeric distonic radical cations as
the majority of the m/z 149 species is likely to be the resonance
stabilised benzyl radical.
Prolonged isolation (up to 10 s) of m/z 149 ions generated by
CID of 4Br3Me, 3Br4Me, and 4IMe under the same experimental conditions [Fig. 1(b), (d) and (h)] did not result in
observable [M + O2]! + or [M + O2 " OH]! + product ions, while
isolation of m/z 149 ions from CID of 3I4Me resulted in only
low intensity signals at corresponding m/z ratios [Fig. 1(e)
with #5 magnification compared to Fig. 1(f) with #50]. The
low abundance, or even absence, of the respective [M + O2]! +
and [M + O2 " OH]! + ions, when compared with analogous PD
experiments, suggests that the m/z 149 ions resulting from CID
of 4Br3Me and 3Br4Me are less reactive isomeric species born
from CID-induced rearrangement. The isomerisation of phenyltype radical cations upon CID of halogenated precursors
has been previously noted.50 Herein, PD was used for all
subsequent experiments.
3.2.1 Reaction kinetics. The reactions of PD generated m/z
149 ions with O2 were further characterised by second-order rate
coeﬃcients (k2nd, cm3 molecule"1 s"1) and reaction eﬃciencies
(F), reported in Table 2, derived from measured pseudofirst order rate coeﬃcients at background O2 ([O2] = 2.23 #
109 molecule cm"3) and increased O2 concentrations ([O2] =
8.53 # 109 molecule cm"3). The O2 collision frequency calculated with average dipole orientation (ADO) theory43 is 5.7 #
10"10 cm3 molecule"1 s"1 for all species of m/z 149. Pseudo-first
order kinetic behaviour, as shown by a linear semi-logarithmic
plot (Fig. 2), is observed for m/z 149 ions generated by PD of
4Br3Me, 3Br4Me and 3I4Me, implying that each of these radical
ion populations consist of only a single species.50,51 The general
agreement between k2nd values for radical ions generated by PD

Table 2 Second-order rate coeﬃcients (k2nd, cm3 molecule"1 s"1) and reaction eﬃciencies (F) for reactions of PD generated distonic radicals with O2 (molecule cm"3). Estimated
upper limit of 50% uncertainty in second-order rate coeﬃcients. O2 collision frequency from average dipole orientation (ADO) theory43 is 5.7 # 10"10 cm3 molecule"1 s"1
for all species of m/z 149

Precursor ions

Distonic radicals

4Br3Me

4-(N,N,N-Trimethylammonium)-2-methylphenyl

3Br4Me

5-(N,N,N-Trimethylammonium)-2-methylphenyl

3I4Me

5-(N,N,N-Trimethylammonium)-2-methylphenyl

4IMe

4-(N,N,N-Trimethylammonium)-benzyl
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[O2] (molecule cm"3)
2.23
8.53
2.23
8.53
2.23
8.53
2.23
8.53

#
#
#
#
#
#
#
#

9

10
109
109
109
109
109
109
109

k2nd (cm3 molecule"1 s"1)
2.4
2.1
2.9
2.6
2.8
2.6
—
—

#
#
#
#
#
#

"11

10
10"11
10"11
10"11
10"11
10"11
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Fig. 2 Semi-logarithmic plot for depletion of m/z 149 ions generated by PD of
4Br3Me (closed circles), 3Br4Me (diamonds), 3I4Me (squares) and 4IMe (open
circles) precursors ions, in reactions with O2 ([O2] = 8.53 # 109 molecule cm"3).
Second-order rate coeﬃcients provided in Table 2.

of 3Br4Me and 3I4Me suggests the identity of the radical formed
by l = 266 nm photolysis is unaﬀected by the halogen substituent on the radical precursor. Rate coeﬃcients for m/z 149 from
PD of 3Br4Me and 4Br3Me reveal a slight, but reproducible,
diﬀerence in reaction rate where the radical is at the 3- over the
4-position relative to the charge-tag, i.e., k3Br4Me > k4Br3Me. This
eﬀect could be due to small diﬀerences in the electrophilicity of
the two positive distonic radical ions24,52 but overall the reaction
eﬃciencies are very similar to each other and to previous
measurements for phenyl-type radicals. For example, the measured reaction eﬃciencies in Table 2 are similar to those
reported by Kirk et al.31 for positively charge-tagged distonic
phenyl radicals (about 5%), suggesting, intriguingly, that the
methyl substituent, although presenting a new reaction pathway,
does not drastically alter the overall reaction eﬃciency. More
discussion on the reaction pathway is provided below.

The m/z 149 species generated by PD of 4IMe, expected to
provide a benzylic radical ion for comparison, was unreactive on
the timescale of these experiments (0.030–10 s). The addition of
O2 to the neutral benzyl radical is reported to produce a benzylperoxyl radical with a reaction exothermicity of 22 kcal mol"1;
however, reformation of benzyl + O2 reactants dominates at
low temperatures.53 In the analogous charge-tagged benzyl
radical + O2 reaction, it is expected that upon O2 addition the
vibrationally excited charge-tagged benzylperoxyl radical will
dissociate to regenerate the charge-tagged benzyl + O2 before
being collisionally deactivated in the ion trap or undergoing
further unimolecular reaction.
3.2.2 Reaction mechanism. Fig. 3 depicts a potential
energy diagram for the addition of O2 to the 5-(N,N,N-trimethylammonium)-2-methylphenyl radical cation (generated by PD of
3Br4Me or 3I4Me). This scheme essentially reproduces the reaction
mechanism identified in the analogous neutral system.18 Energies
were calculated using the M06-2X/6-311++G(d,p) (black) and
G3SX(MP3) (blue) methods, reported in kcal mol"1 relative to
the peroxyl radical intermediate. The ensuing discussion will
refer to the G3SX(MP3) energies.
The addition of O2 to the charge-tagged 2-methylphenyl
radical (I) proceeds without a barrier and results in a chargetagged methylphenylperoxyl species (II) with 46.4 kcal mol"1
activation. Fig. 3 depicts four low-energy unimolecular reaction
pathways available to the charge-tagged 2-methylphenylperoxyl radical. First, the reverse reaction reforms the distonic
2-methylphenyl radical + O2 (I); second, formation of a
phenoxyl radical + O(3P) (III); third, isomerisation to methyloxepinoxyl species (V and VI); and fourth, the generation of
charge-tagged 2-quinone methide + ! OH (VIII). In the context of

Fig. 3 Potential energy diagram depicting key intermediates for N,N,N-trimethylammonium charged-tagged 2-methylphenyl radical cation + O2. Energies were
calculated at the M06-2X/6-311++G(d,p) (black) and G3SX(MP3) (blue) levels, reported in kcal mol"1 relative to the initial intermediate.
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forming new product species, the latter three pathways will be
discussed further below.
Formation of 5-(N,N,N-trimethylammonium)-2-methylphenoxyl +
O(3P) (III) occurs via cleavage of the peroxyl RO–O bond.
Delocalisation of the unpaired electron is evidenced by a
predicted contraction of the C–O bond from 1.392 Å in the
peroxyl to 1.235 Å in the phenoxyl, closer to that expected for a
CO double bond. The barrier for this process is calculated at
38.8 kcal mol"1 compared with 46.4 kcal mol"1 for the reactants. The O(3P) loss mechanism would result in a m/z 165 ion
corresponding to the 16 Da mass loss. Subsequent CO loss from
this phenoxyl radical10 would result in an [M + O2 " O " CO]! +
ion at m/z 137. Neither O atom nor CO loss product ions were
observed within the detection limits of the experiment pointing
to a lack of competitiveness for this pathway. Other accessible
pathways outcompete the O(3P) loss channel as shown by the
dominance of alternate product channels in Fig. 1.
The third pathway from II proceeds by ipso addition of the
peroxyl radical oxygen to the aromatic ring (TS II - IV,
25.4 kcal mol"1) resulting in the dioxiranyl intermediate (IV).
The sequential transition states, TS1 (37.5 kcal mol"1) and TS2
(30.7 kcal mol"1), succeeding the dioxiranyl intermediate, represent a bifurcation54 of the potential energy surface. Following the
intrinsic reaction coordinate (IRC) from TS1, reactive species
encounter a valley-ridge inflection (VRI) near which the single
reaction pathway becomes two. Past the VRI, along the developing ridge, the second transition state (TS2) is located, which
connects the charge-tagged 3-methyloxepinoxyl (V) and 7-methyloxepinoxyl (VI) species (confirmed by calculation of the IRC for
TS2). Ring-opening of the dioxiranyl moiety (TS1), i.e., cleavage
of the dioxiranyl O–O bond, has a barrier that is 8.9 kcal mol"1
less than the chemical activation of the system. At these
temperatures (ca. 307 K), we do not expect any significant
reaction flux through TS1 due to its high energy (37.5 kcal mol"1),
thus these pathways were not extended beyond the methyloxepinoxy
radicals (V and VI). Guided by Kirk et al.,31 it is likely the end-product
species could comprise five-membered ring products, such as a
charge-tagged methyl-substituted cyclopentadienone species but
no such channels were detected in our charge-tagged experiments. This implicates the presence of lower-energy reaction
pathways not available to the charge-tagged phenylperoxyl radical
systems investigated by Kirk et al.
The final pathway considered here leads to charge-tagged
2-quinone methide via H-migration followed by ! OH elimination.
The 1,5-H shift via TS II - VII proceeds with a 27.2 kcal mol"1
barrier (19.1 kcal mol"1 below the reactants’ energy) and results
in a hydroperoxybenzyl radical species (VII), reminiscent of a
QOOH combustion intermediate. The formation of this radical
is facilitated by close proximity of the labile benzylic methyl
hydrogen to the peroxyl group.18 The forward reaction barrier
of 9.4 kcal mol"1 for TS VII - VIII is considerably less than
that for the reverse reaction (22.7 kcal mol"1). Thus, H atom
migration and ! OH elimination is energetically competitive and
results in the formation of charge-tagged 2-quinone methide
(VIII), consistent with the [M + O2 " OH]! + ion detected at m/z
164, shown in Fig. 1 (left panel).
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The G3SX(MP3) and M06-2X methods both predict, based
purely on reaction barriers, the dominance of the charge-tagged
2-quinone methide + ! OH product channel and the numbers are
generally in good agreement. The greatest deviations were observed
for TS1 and TS2, with a diﬀerence of 6.5 and 7.1 kcal mol"1
(Table S2, ESI†). These are perhaps more peculiar stationary points
and could warrant future investigation. Nevertheless, both methods
are in agreement that the TS1 barrier is likely to be prohibitively
high. The scheme depicted in Fig. 3 supports the notion that H-atom
migration followed by ! OH elimination is the dominant product
channel. This is in agreement with experimental data that shows
charge-tagged 2-methylphenyl radicals react with O2 to eliminate
!
OH, forming the [M + 15]! + ion detected at m/z 164 consistent with
the charge-tagged 2-quinone methide.

4. Conclusions
The reaction of two distonic radical ions [4-(N,N,N-trimethylammonium)-2-methylphenyl and 5-(N,N,N-trimethylammonium)2-methylphenyl radicals] with O2 were successfully used to explore
the 2-methylphenyl + O2 reaction. Subjecting the halogenated
precursors 4Br3Me, 3Br4Me and 3I4Me to PD resulted in exclusive
formation of the distonic radical ion targets, while CID of the
same precursors led to complications due to isomerisation to an
unreactive isomeric species. The distonic 2-methylphenyl radical +
O2 reaction gave rise to [M + O2]! + and [M + O2 " OH]! + ions from
O2 addition followed by ! OH elimination as the dominant oxidation product. Second-order rate coeﬃcients for these reactions
were measured between 2.1–2.9 # 10"11 cm3 molecule"1 s"1
representing reaction efficiencies of ca. 5%. Quantum chemical
calculations are in accord with our experimental observations,
where H migration and ! OH elimination, via the QOOH intermediate, is the minimum energy pathway and should thus
dominate product formation. The proposed generation of the
charge-tagged 2-quinone methide suggests similar processes may
occur in the neutral system and therefore serve as a ! OH radical
source for further radical chemistry in reactive environments.
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1

1. Methylation of halogen-substituted methylaniline
NH2

1. CH3I
2. K2CO3
X

CH3

I

60 oC, reflux 4-5 hr
X = Br or I

N(CH3)3

X
CH3

Scheme S1 Overview of synthesis for N,N,N-trimethylammonium charge tagged aniline derivatives

The

4-iodomethyl-N,N,N-trimethylbenzenaminium,

3-iodo-N,N,N,4-

tetramethylbenzenaminium, 3-bromo-N,N,N,4-tetramethylbenzenaminium and 4-bromoN,N,N,3-tetramethylbenzenaminium iodide salts were synthesised using a modified procedure
previously

reported

by

Kirk

et.

al.

for

the

synthesis

of

4-iodo-N,N,N,-

trimethylbenzenaminium iodide.1 In brief, to a reaction vial was added halogenated aniline
species (ca. 1 mmol), 10 mL of dry CH3OH, and CH3I (0.7 mL, 10 mol equiv) that was then
heated at reflux for two hours. K2CO3 (0.2 g, 1.3 mmol) was added to the reaction vial and
the solution heated at reflux for a further two hours. The solvent was removed in vacuo and
the crude product recrystallised from CH3CN. The recrystallised solid was washed with
diethyl ether and dried.

2

2. Structural characterisation
I

N(CH3)3

CH3
Br

4-bromo-3-methyl-N,N,N-trimethylbenzenaminium iodide. 1H NMR (300 MHz, D2O): δ
2.49 (s, 3H), δ 3.64 (s, 9H), δ 7.55 (dd, 1H, J = 8.79, 3.21 Hz), δ 7.80 (d, 1H, J = 2.05 Hz),
δ7.21 (d, 1H, J = 9.07 Hz).
I

N(CH3)3

Br
CH3

3-bromo-4-methyl-N,N,N-trimethylbenzenaminium iodide. 1H NMR (300 MHz, D2O): δ
2.45 (s, 3H), δ 3.64 (s, 9H), δ 7.55 (d, 1H, J = 8.79 Hz), δ 7.72 (dd, 1H, J = 8.5, 2.64 Hz), δ
8.10 (d, 1H, J = 2.93 Hz).
I

N(CH3)3

I
CH3

3-iodo-4-methyl-N,N,N-trimethylbenzenaminium iodide. 1H NMR (500 MHz, DMSO-d6): δ
8.35 (s, 1H), δ 7.90 (d, H, J = 7.3 Hz), δ 7.56 (d, 1H, J = 8.8 Hz), δ 3.57 (s, 9H), δ 2.43 (s,
3H).
I

N(CH3)3

H2C

I

3-iodo-4-methyl-N,N,N-trimethylbenzenaminium iodide. 1H NMR (500 MHz, DMSO-d6): δ
7.90 (d, 2H, J = 8.6 Hz), δ 7.67 (d, 2H, J = 8.8 Hz), δ 4.67 (s, 2H), δ 3.59 (s, 9H).
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3. Supplementary Mass Spectra

Relative Abundance

230
PD

50
149

134
100

150

m/z

200

250

149

100

100

200

200

250

300

250

300

230

(d)
230
CID

149

50

228
213

0
250

300

100

150

200

x50

276

100

(e)
276
PD

50

m/z

118

215
m/z

150

x50

50

150

213

100

230
PD

100

149

50

300

228

134

230
CID

0

(c)

0

230

(b)

118

213

Relative Abundance

100
Relative Abundance

100

(a)

0

Relative Abundance

x50

230

Relative Abundance

Relative Abundance

100

149

276

(f)
276
CID

50
149
261
118

134

0
100

150

m/z

200

250

300

100

276

100

(g)

Relative Abundance

Relative Abundance

100

0

276
PD

50

134
149

150

m/z

200

149

276
CID

50
134

261

0
100

150

m/z

200

250

300

300

276
(h)

118
0

250

100

150

m/z

200

250

300

Figure S1 Gas-phase ions produced by ESI of 4Br3Me (a and b), 3Br4Me (c and d), 3I4Me (e and f) and 4IMe
(g and h) were isolated and activated by PD (left panel) and CID (right panel) to generate the m/z 149 ions via
loss of the halogen
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Figure S2 CID of m/z 164 ions generated via PD of 3-bromo-4,N,N,N-tetramethylbenzenaminium (3Br4Me)
and subsequent isolation of the resultant m/z 149 ions for 10 s in the presence of background O2. Peaks at m/z
149 (15 Da loss), 136 (28 Da loss), and 121 (43 Da loss) are consistent with loss of CH3, CO, and both CH3 and
CO, respectively.2, 3
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4. Computational results
Table S1 Comparison of M06-2X/6-311++G(d,p) and G3SX(MP3) energies presented in kcal mol-1 relative to
the initial intermediate (II) for the charge-tagged 2-methylphenyl + O2 reaction.

Structure
I
II
III
TS II→IV
IV
TS1
TS2
V
VI
TS II→VII
VII
TS VII→VIII
VIII

M06-2X/6-311++G(d,p)
(kcal mol-1)
42.96
0.00
37.52
28.86
19.50
44.00
37.77
-41.66
-46.50
28.65
4.72
14.88
1.46

G3SX(MP3)
(kcal mol-1)
46.37
0.00
38.83
25.38
16.02
37.51
30.65
-42.40
-47.02
27.23
4.51
13.91
-3.96
Average difference

Difference
(kcal mol-1)
3.41
0.00
1.31
3.48
3.48
6.49
7.12
0.74
0.52
1.42
0.21
0.97
5.42
2.7

Table S2 Geometries optimised by M06-2X/6-311++G(d,p) method provided in Cartesian coordinates for
intermediates and transition states identified in Figure 3 of the main document

I
(1, 2)
C
C
C
C
C
C
H
H
C
H
H
H
H
N
C
C
C
H
H
H
H

N(Me) 3

0.32731600
-0.33414800
-1.69962000
-2.49685700
-1.79055800
-0.39473700
-2.33851800
0.08548900
-3.99790100
-4.35657700
-4.35409800
-4.43108500
0.18459800
1.82779200
2.32867400
2.32829000
2.41011600
3.41757800
1.98249300
1.93282100
3.41716700

0.00701000
-1.22630700
-1.17968600
-0.05212700
1.15201600
1.19119100
2.08809900
2.15855200
-0.11714400
-0.77128400
-0.52365900
0.87298900
-2.17838500
0.00130200
-0.70232600
-0.71124500
1.38208600
-0.67311800
-1.73214700
-0.18399900
-0.68124200

0.00029700
-0.00172300
-0.00301500
-0.00311800
-0.00274400
-0.00031400
-0.00565200
-0.00047700
0.00335300
-0.79229700
0.95212900
-0.13322200
-0.00319300
0.00066100
-1.23195200
1.22834100
0.00597900
-1.22589800
-1.22253500
-2.10341700
1.22319500

Me

6

H
H
H
H
H

1.93149800
1.98297600
2.08850000
2.08554300
3.49361000

-0.19976400
-1.74123400
1.91002700
1.90408900
1.28114600

2.10339400
1.21101800
-0.88912900
0.90353100
0.00730900

II
(1, 2)
C
C
C
C
C
C
H
H
H
C
H
H
H
O
O
N
C
H
H
H
C
H
H
H
C
H
H
H

N(Me)3

-1.94897200
-0.93775400
0.40630800
0.76226300
-0.20406700
-1.53284600
-1.20955400
1.14859500
0.00276800
-3.40709300
-3.90439200
-3.53751100
-3.90433000
-2.56275600
-2.17819500
2.21977700
2.87556500
2.77944000
3.92740500
2.37427600
2.45550900
2.01665500
2.01654100
3.53158600
2.87553500
3.92740200
2.77929000
2.37429700

-0.97658300
-1.93580400
-1.58696200
-0.24231000
0.75019000
0.35204700
-2.98485100
-2.37503100
1.80913900
-1.33209200
-0.91620200
-2.41283600
-0.91639500
1.28852000
2.52930800
0.10910700
-0.45820300
-1.54039100
-0.17506500
-0.04450000
1.59014800
2.02305000
2.02315700
1.75149000
-0.45834300
-0.17530600
-1.54052100
-0.04464800

0.00000000
-0.00000300
0.00000500
0.00002100
0.00001700
0.00000600
-0.00001400
-0.00001200
0.00002900
0.00000500
-0.87844600
-0.00010600
0.87858400
0.00000900
-0.00002200
0.00000100
1.23083700
1.22319000
1.21941400
2.10405600
-0.00007600
-0.89652600
0.89626700
-0.00002400
-1.23078600
-1.21936900
-1.22306400
-2.10403900

III
(1, 2)
C
C
C
C

O

O

Me

N(Me) 3

2.25488200
1.38827000
0.00724800
-0.55806300

-0.45601600
-1.53776000
-1.37216000
-0.07454900

-0.00002900
-0.00012200
-0.00011500
-0.00001100

O
Me

7

C
C
H
H
H
C
H
H
H
O
N
C
H
H
H
C
H
H
H
C
H
H
H

0.23542300
1.68691300
1.79036300
-0.61787000
-0.12171300
3.73605000
4.15769500
4.04241900
4.15767900
2.40270100
-2.05379800
-2.60734000
-2.34833600
-3.69007300
-2.17135000
-2.52156800
-2.15570400
-2.15577100
-3.60966700
-2.60731800
-3.69004700
-2.34834800
-2.17128000

1.03111700
0.88847600
-2.54421000
-2.25641500
2.05134600
-0.59109600
-0.08612400
-1.63573600
-0.08611800
1.89480900
0.03370700
-0.63163000
-1.68694400
-0.51383600
-0.14789500
1.45885700
1.95530700
1.95524500
1.44737200
-0.63156800
-0.51373300
-1.68689000
-0.14781700

0.00008100
0.00007400
-0.00020400
-0.00019600
0.00016500
-0.00003800
0.87307500
-0.00005000
-0.87315600
0.00015600
-0.00000100
-1.23189700
-1.22057400
-1.22644600
-2.10423900
-0.00003300
0.89618600
-0.89631300
0.00001100
1.23193700
1.22652000
1.22064800
2.10424800

0.77450600
-0.11338200
-1.49697700
-1.99781600
-1.06111100
0.31170500
-1.39726000
0.98516700
-3.47114100
-3.95797600
-3.87525100
-3.71155500
-2.35458000
-2.26227700
0.17011400
2.23754700
2.51364200
2.64627800

0.24509600
-0.79106800
-0.51246700
0.81109500
1.81213700
1.55051500
2.83408000
2.38065000
1.04010700
0.39219200
0.77063400
2.07996900
-1.53414500
-1.61926600
-1.82618900
-0.08014500
-1.03365300
-0.71297700

0.03696700
0.23538600
0.23357200
0.07804100
-0.10970600
-0.13690300
-0.23741200
-0.29190200
0.10809700
-0.62497300
1.08734900
-0.10523900
0.53829900
-0.88214300
0.37887300
0.00614100
-1.12751900
1.31002300

TS II→IV
(1, 2)
C
C
C
C
C
C
H
H
C
H
H
H
O
O
H
N
C
C
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C
H
H
H
H
H
H
H
H
H

3.09297100
3.58337500
1.95972000
2.18927500
3.71549100
2.41603800
2.09636700
2.84702000
2.92847300
4.13098800

1.13385200
-1.23745100
-1.95424300
-0.56302000
-0.91650400
-0.01628100
-1.63972400
1.58931900
1.83173400
0.80729700

-0.19874600
-1.15024800
-0.96465600
-2.05396200
1.27002000
2.11413000
1.44917700
-1.15574100
0.61957900
-0.20249700

IV
(1, 2)
C
C
C
C
C
C
H
H
H
C
H
H
H
O
O
N
C
H
H
H
C
H
H
H
C
H
H
H

N(Me)3

-2.01100800
-1.05717800
0.31581000
0.76638700
-0.10431900
-1.55361500
-1.37255600
1.01386700
0.15855900
-3.47793400
-3.93608600
-3.69685900
-3.94033700
-2.31661800
-2.31575300
2.24653800
2.85213900
2.67498700
3.92229900
2.38216900
2.59778700
2.19333000
2.19363100
3.68330500
2.85174700
2.38160500
3.92193200
2.67446800

0.79616000
1.78401800
1.50429700
0.15605900
-0.87944400
-0.61042900
2.82080200
2.33035900
-1.92742900
1.04389800
0.58367400
2.10998300
0.57311800
-1.52955600
-1.52948300
-0.07728200
0.54051700
1.61237900
0.33879600
0.08908400
-1.53538300
-2.00018900
-2.00125800
-1.61183800
0.54199100
0.09150300
0.34038400
1.61382300

-0.00019500
-0.00099400
-0.00103800
-0.00014400
0.00039800
-0.00014100
-0.00138400
-0.00160400
0.00096900
0.00139300
0.88142100
-0.00418800
-0.87068300
0.72721800
-0.72863200
0.00021800
-1.23229500
-1.22482000
-1.22340500
-2.10431600
0.00114300
0.89785800
-0.89515100
0.00137800
1.23218400
2.10460000
1.22380500
1.22344300

Me

O
O

9

TS1
(1, 2)
C
C
C
C
C
C
H
H
H
N
O
O
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
H

-2.04038400
-1.10270600
0.26922600
0.74742300
-0.10434000
-1.58230300
-1.43471300
0.95340000
0.18214000
2.23306600
-2.11881700
-2.28808000
2.80579200
3.87898400
2.61249300
2.32627900
2.84699700
3.92116000
2.40386000
2.64706800
2.61146700
2.20424300
2.22705100
3.69813200
-3.50721200
-4.00198400
-3.75409600
-3.90405900

0.74057500
1.74668500
1.48711800
0.14875500
-0.89946300
-0.68680500
2.77769500
2.32407200
-1.94121000
-0.05497700
-1.40307200
-1.52996400
0.51041900
0.32535900
1.57890700
0.01005100
0.63622200
0.45777500
0.21958300
1.70267800
-1.50487000
-2.02140700
-1.93198000
-1.56171200
0.96955300
0.32487400
2.01144400
0.68385600

-0.02673900
0.02939800
0.03176100
-0.02257400
-0.07518200
-0.02845900
0.06628900
0.08021200
-0.10966800
-0.01102500
1.03494400
-0.86974200
1.26171300
1.26419000
1.30272100
2.10132700
-1.19910100
-1.17966200
-2.10191500
-1.14218900
-0.07829200
0.78832300
-1.00222300
-0.06713800
-0.06087300
0.67076500
0.13514700
-1.04052800

-2.07926100
-1.15385300
0.19705600
0.72363300
-0.12262800
-1.59554500
-1.50090800
0.86954900
0.16983800
2.20237800
-1.69446700

0.66755600
1.71643100
1.45760000
0.13791800
-0.91877800
-0.74336900
2.73843400
2.30656000
-1.96025700
-0.03544700
-1.04138900

-0.11121300
-0.06460500
-0.10652200
-0.16912000
-0.24807800
-0.11633300
0.02123200
-0.03538800
-0.26114700
-0.01307000
1.22760100

TS2
(1, 2)
C
C
C
C
C
C
H
H
H
N
O

10

O
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
H

-2.36376000
2.62187000
3.68904700
2.41769300
2.04857100
2.93154100
4.00086700
2.61146700
2.69950200
2.60750500
2.14388500
2.30106600
3.69071500
-3.52870200
-3.87452500
-3.82425800
-4.00303900

-1.66041300
0.47329500
0.29213000
1.53957800
-0.06318500
0.71584800
0.56550100
0.32481400
1.77522400
-1.47778200
-2.03188000
-1.87360100
-1.52064000
0.84703400
0.17147500
1.87429700
0.46958000

-0.74898300
1.34212500
1.46280200
1.40447800
2.09655100
-1.09256000
-0.95211700
-2.05659600
-1.02142000
-0.10466900
0.70867600
-1.07103400
-0.01157100
-0.00836900
0.78726600
0.18917900
-0.92230500

V
(1, 2)
C
C
C
C
C
C
H
O
O
C
H
H
H
H
H
N
C
H
H
H
C
H
H
H

(Me)3N

0.81213200
0.22334100
-2.17788800
-2.27475900
-1.21070000
0.15875600
0.77864000
-1.05646200
-3.02138800
-3.66007400
-4.35795800
-3.69203200
-4.01319000
-1.47679000
0.76753900
2.29271800
2.55724700
3.63326300
2.05313500
2.16989700
2.98685200
2.75096400
4.05853100
2.64099100

0.01151700
1.22425300
0.81876600
-0.64653400
-1.49981000
-1.25048600
-2.12899400
1.44247800
1.54042300
-1.16505700
-0.72313400
-2.24957900
-0.87472500
-2.54832000
2.15597800
-0.04534900
-0.84795800
-0.87782900
-0.35680000
-1.85459200
-0.68593400
-0.10534400
-0.67894400
-1.70849300

-0.15430900
-0.27729500
0.02241800
-0.02838800
-0.24843900
-0.29149500
-0.41357500
-0.58887200
0.43145300
0.19527900
-0.52078100
0.10777500
1.18862500
-0.33986200
-0.21332300
0.10193400
1.34982100
1.51452000
2.18031600
1.22322700
-1.07289600
-1.96285300
-0.87945800
-1.19080100

O
H3C

O
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C
H
H
H

2.92123900
2.44399700
3.97476600
2.82514200

1.30355700
1.80156100
1.14068200
1.88888100

0.30407000
1.14550300
0.52163200
-0.60772800

VI
(1, 2)
C
C
C
C
C
C
H
H
H
O
O
C
H
H
H
N
C
H
H
H
C
H
H
H
C
H
H
H

(Me)3N

1.29544400
2.36337400
1.30511400
-0.11745400
-0.70626300
-0.08428500
1.57729200
-0.70070800
-0.70379400
2.34497200
1.62024600
3.77412900
4.28929400
3.83049600
4.28948100
-2.22323200
-2.70326800
-2.35088200
-3.79215000
-2.30938300
-2.70307900
-2.30911000
-3.79196100
-2.35058400
-2.87559700
-2.58729800
-2.58735100
-3.95114700

-1.59819500
-0.73968900
1.51889700
1.14232600
-0.08793200
-1.34564900
-2.64340000
2.04813100
-2.23160200
0.60579500
2.66492800
-1.21631500
-0.82155800
-2.30207400
-0.82052700
-0.13675500
-0.85487000
-1.88151300
-0.83606700
-0.33181700
-0.85406800
-0.33038900
-0.83533500
-1.88068100
1.21651400
1.75948500
1.75896200
1.05376800

0.00004800
-0.00004600
-0.00000500
-0.00034300
-0.00005200
0.00014400
0.00002200
-0.00059800
0.00026700
0.00017700
0.00010800
-0.00015400
0.87928900
-0.00077100
-0.87902100
-0.00002200
-1.23502400
-1.22522600
-1.23606800
-2.10493200
1.23553800
2.10503500
1.23670200
1.22638200
-0.00039700
0.89676700
-0.89789600
-0.00033700

0.87803200
-0.05438900
-1.39928500
-1.84904600
-0.88585800

0.21635300
-0.81257200
-0.48370000
0.84258700
1.83873900

0.00896500
0.08328300
0.10119700
0.04532500
-0.03317000

O
O
H3C

TS II→VII
(1, 2)
C
C
C
C
C
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C
H
H
C
H
H
H
O
O
H
N
C
C
C
H
H
H
H
H
H
H
H
H

0.47788400
-1.19704800
1.17917000
-3.31465800
-3.75085600
-3.69322400
-3.75523200
-2.28985500
-3.47280300
0.20685000
2.32853700
2.60508800
2.67320300
3.23319100
3.66713700
2.01534000
2.32728600
3.73513300
2.44176900
2.08422400
3.02763800
3.06989700
4.25844900

1.54188100
2.87602800
2.35965700
1.09990600
-0.14753700
1.42463400
1.61117400
-1.49863200
-1.25242000
-1.86246100
-0.16402700
-1.02691800
-0.92013500
1.02861900
-1.26873000
-1.93699700
-0.46646200
-1.16085000
-0.28515200
-1.83209100
1.57423700
1.65834200
0.66425000

-0.05600700
-0.07219200
-0.12328500
0.11702800
-0.06502400
1.08490600
-0.73617400
0.27945800
-0.41253600
0.12305800
-0.01479200
-1.21771300
1.24085500
-0.09243800
-1.22844400
-1.15166300
-2.10854000
1.21444700
2.09415600
1.28447300
-1.01086600
0.77954800
-0.10018400

VII
(1, 2)
C
C
C
C
C
C
H
H
H
C
H
H
H
O
O
N
C
H

N(Me)3

1.87048400
0.84174300
-0.49546200
-0.85475900
0.12540900
1.45309300
1.11286700
-1.22568000
-0.09786800
3.21891100
3.76192500
3.49780500
3.99208800
2.35735700
3.18733400
-2.28512500
-3.23196800
-3.01539900

0.98334400
1.93161600
1.57845900
0.24217000
-0.73503600
-0.36918600
2.97366900
2.35973400
-1.78815900
1.36095900
-2.21147600
2.40070100
0.62791300
-1.35883300
-1.48585000
-0.19990400
0.93685900
1.38648400

0.08588100
-0.12261500
-0.15849900
0.00614100
0.19033200
0.23437900
-0.24257300
-0.31024000
0.30673000
0.17228900
-0.40130200
0.06961900
0.34328400
0.49342200
-0.68336700
-0.01532700
-0.25339000
-1.22019000

O

OH

CH2
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H
H
C
H
H
H
C
H
H
H

-4.24188300
-3.12527200
-2.64103300
-2.00403800
-2.47920300
-3.68662400
-2.49159400
-3.54427300
-2.19851500
-1.87653200

0.53130300
1.66584100
-0.82353300
-1.68706200
-0.08077700
-1.12789000
-1.20404000
-1.48386600
-0.74019800
-2.07910000

-0.25141200
0.54691600
1.30773600
1.47979900
2.08678300
1.27483100
-1.11809600
-1.13512700
-2.05814500
-0.92707300

0.84086800
-0.11244900
-1.48026600
-1.86668800
-0.81816000
0.49420100
-1.08277500
1.24041700
-3.19396500
-3.68520100
-3.95796700
-3.49343700
-2.34691400
-3.19729100
0.10562400
2.27608900
2.44500600
2.67319100
3.21841300
3.49705300
1.83747400
2.12118700
3.72154300
2.52339700
2.05234200
2.96551900
3.14987500
4.22505600

0.22897900
-0.72344100
-0.35322400
1.02094700
1.96837300
1.59863700
3.00815600
2.35835400
1.37037400
-2.35826300
0.62028400
2.39218800
-1.24985000
-1.60749700
-1.77544300
-0.21306200
-1.24647200
-0.80268000
0.91448600
-1.52551500
-2.11605500
-0.80809500
-1.09399200
-0.04504000
-1.66993000
1.34708700
1.65840800
0.50219200

0.02390900
0.25234200
0.36177300
0.12093300
-0.11423700
-0.15564100
-0.26814900
-0.33240900
0.08878700
-0.45190400
0.24413000
-0.10894300
0.65756800
-0.82394900
0.38925300
-0.03195900
-1.11504100
1.29565900
-0.33018700
-1.15862200
-0.88096200
-2.05732600
1.24094700
2.06283900
1.50343200
-1.29591600
0.46051500
-0.36190000

TS VII→VIII
(1, 2)
C
C
C
C
C
C
H
H
C
H
H
H
O
O
H
N
C
C
C
H
H
H
H
H
H
H
H
H
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VIII
(1, 1)
C
C
C
C
C
C
H
H
H
C
H
H
O
N
C
H
H
H
C
H
H
H
C
H
H
H

N(Me) 3

-2.32461500
-1.42106600
-0.08072600
0.48784800
-0.26377700
-1.74356800
-1.85209900
0.54250400
0.13550800
-3.66036500
-4.12201800
-4.30096200
-2.41166100
1.98839300
2.72764100
2.47139200
3.79198000
2.47139800
2.40681700
1.95402900
2.06762100
3.49283300
2.40659800
3.49262100
2.06714200
1.95386000

0.47418500
1.60825300
1.46510700
0.12772800
-0.98372300
-0.90386800
2.60346100
2.34524300
-1.99047400
0.62011900
1.60134200
-0.25521000
-1.90997300
-0.04116300
1.26466700
1.82461900
1.03770300
1.82443600
-0.80143700
-1.78867200
-0.24861100
-0.88479600
-0.80108900
-0.88436400
-0.24805900
-1.78835300

-0.00004300
-0.00000400
-0.00000500
-0.00008800
-0.00016500
-0.00004700
0.00001500
0.00000000
-0.00021900
-0.00003500
0.00006300
0.00005000
0.00010600
-0.00000200
-0.00013500
0.89657800
-0.00011400
-0.89696500
-1.23147100
-1.21527800
-2.10592100
-1.22607800
1.23177400
1.22665800
2.10599400
1.21570200

O
CH2
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